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A study was carried out of the synergistic extrac­
tion of uranium in the organophosphorus (TBPO, TBP,
5D2EHPA) compounds by using a 2 factorial design. The 
pH and temperature effects were determined for each 
possible combination of up to 2.0% TBPO-10.0% D2EHPA- 
10.0% TBP.
This neutral-acidic-neutral synergistic system in
+ 2kerosene was investigated for UC> 2 in NO^ + H 2 SO4  aqueous 
feed.
+2The extraction coefficient of UC^ was markedly 
enhanced by the addition of stoichiometric amounts of 
NO^ ion to the aqueous feed.
A statistical model was suggested for TBPO-D2EHPA-TBP 
possible combinations.
+2A rapid and direct fluorometnc determination of UC> 2
(down to 1  ppb) from the leach liquor has been proposed.
It was concluded that most likely the 2.0% TBPO +
10.0% D2EHPA + 10.0% TBP synergistic system was the best
+2combination for UO2  extraction according to the separation 
coefficients and practical considerations under statistical 
precision.
iii
"There are three different lies: 
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I. INTRODUCTION AND HISTORICAL BACKGROUND
I.A - Introduction
Liquid-liquid extraction, LLEX, is perhaps the most 
skillfully adaptable analytical and hydrometallurgical 
technique, in that it has an extremely wide range of 
application and invokes most of the physical chemical 
principles used generally in analytical chemistry and 
hydrometallurgy. LLEX is based upon the principle that 
a metal ion can distribute itself in a certain ratio 
between two phases (almost always two immiscible solvents), 
one of which is usually water and the other an organic 
extractant such as Tri-n-butyl phosphate, TBP, Di2-ethyl 
hexyl phosphoric acid, D2EHPA or kerosene.
LLEX can be used for purposes of separation, puri­
fication, enrichment or analysis which is applicable from 
analytical micro or semimicro analysis to production of 
metals processes.
In hydrometallurgy, LLEX has come to the position 
of most importance in the last twenty-five years as a 
popular separation and production technique because of 
its simplicity, cheapness, speed and applicability to 
both macro amounts and tracer of metal ions. However, 
there is no doubt that the application of LLEX in extrac­
tive metallurgy at the present time, except uranium, rare 
metals, copper production and Co-Ni separation, is in
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its infancy and that we will see a major expansion 
in its use in the near future.
Unfortunately, LLEX processes are developed and 
put on stream with little or no understanding of 
the chemistry of the system and as a result, when 
problems occur, considerable time and money can be 
lost in overcoming the causes of the problems.
Also, most of the theory of LLEX is to be found 
only in analytical chemistry tests or scattered in 
the literature. There is a need to combine the theory 
and practice of LLEX as applied to the extraction of 
metals. Therefore, the first part of this thesis is 
an attempt at such a digestion by discussing first the 
theory of LLEX followed by its application to industrial 
uranium extraction processes. Also, it is hoped to 
show the more important aspects of theory and how they 
can be applied to understanding the real processes, 
especially in synergistic uranium extraction.
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I-B. Historical Background.
While LLEX on an industrial scale is a recent 
innovation, the first applicable technique was used 
on a laboratory scale in 1842 by Peligot, who proposed 
a LLEX process for uranium by using diethyl ether.^
When the fission chain reaction for the production 
of atomic energy was perfected by Enrico Fermi, theore­
tical calculations indicated that a reactor would 
require many tons of uranium. Scientists embarked on 
efforts to find an economical method for uranium 
purification.
One hundred years after the work of Peligot in 1842, 
Mallinckrodt Chemical Works in the U.S.A. used diethyl 
ether to produce nuclear-grade uranium for the Manhattan 
Project.
In 1946, the ethyl ether process was changed from
a batch to a continuous counter-current process in the U.K.
In 1951, The U. S. Bureau of Mines started to
separate Zr from Hf using methyl iso-butyl ketone, MIBK.
In 1953, both the U.S. and U.K. uranium refineries
started to use Tri-n-butyl phosphate, TBP, which was
(2)proposed by Warf in 194 7.
In 1956, MIBK began to be used for Nb-Ta separation.
In 1966, LIX 64N began to be used for copper extraction
in the Ranchers Corporation in Arizona, U.S.A. The
(3 )capacity was 18,200 kg per day Cu.
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In 1968, TIOA, TBP began to be used in the
Falconbridge Matte Leach Process to separate Fe, Cu,
(4)Co. The capacity was 15 million lbs. Ni per year.
In 1970, copper liquid-liquid extraction became 
a major primary copper production process with the LLEX-
(5)Electrowmnmg plant m  Zambia. The plant went on
stream in 1974. (185,000 kg Cu per day)
In 1971, two European refineries started to separate 
Ni-Co by using tertiary amines.
In 1976, Oak Ridge National Lab recovered uranium 
from phosphoric acid wet-process by using DEPA-TOPO .
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II. FUNDAMENTALS OF LLEX
II-A. Explanation of terminology.
One of the biggest problems in reading the literature 
on liquid-liquid extraction is the confusion in terminology. 
Various attempts have been made to standardize the nomen­
clature of the subject, however, with small success.
Confusion sometimes arises through use of terms, solvent
(7)extraction and liquid-liquid extraction for the same operation. 
Solvent extraction is also applied to the recovery of sub­
stances from solids by treatment with an organic solvent - 
typically recovery of natural oils from seeds (solid-liquid 
extraction).
Even the authors who have tried to standardize the 
nomenclature made this mistake by using "solvent extraction" 
instead of 'liquid-liquid extraction".
Therefore, section II-A is an attempt to describe briefly 
the nomenclature which is involved in LLEX operations.
Listed below is a glossary of the principle terms which 
are used in this thesis and in LLEX literature. This is
(8)based on the nomenclature suggested by Ritcey and Ashbrook , 
Monhemius^^, De et al.^^. Bridges and Rosenbaum  ̂.
Antagonism: Antonym of synergism (see synergism)




Aqueous Feed: The aqueous solution feed to extraction stage,
which contains metal or metals to be extracted.
Back-Mixing: Deviation from an ideal plug-flow in a
contactor.
Barren Aqueous: See Raffinate.
Contactor: A device for dispersing and disengaging immiscible
solutions. It may be single or multi-stage.
Continuous Phase: The coherent phase in a contactor.
Crud: The material(s) resulting from agitation of an organic
phase, an aqueous phase, and fine solid particles that form 
a stable mixture. Crud usually collects at the interface 
between the organic and aqueous phases.
Countercurrent Extraction: LLEX in which the aqueous and
organic phases flow in opposite directions in a contactor.
Diluent (or Carrier): The organic liquid in which an extrac­
tant and modifier are dissolved to produce a solvent.
Dispersed Phase: The phase, in contactor, which is dis­
continuous. Generally the dispersed phase is in the form of 
droplets.
Distribution: The apportionment of a metal between two phases.
Distribution Coefficient: See Extraction Coefficient.
Distribution Isotherm: See Extraction Isotherm.
Equilibration: Pre-treatment of the solvent prior to ex­
traction. The object of equilibration is to provide a solvent
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which will effectively extract the required solute by con­
verting the extractant to its reactive form and/or by 
modifying the extractant so as to maintain the required pH 
in the extraction stage.
Extract: Used as a verb to describe the transferring of
a solute from one phase to another.
Extractant: The active organic component in the solvent
primarily responsible for the extraction of a metal (solute).
Extraction: The operation of transferring a metal from aqueous
to an organic phase.
Extraction Coefficient, E: The ratio of total concentra­
tions of metal (in whatever form) after contacting an aqueous 
and an organic phase under specified conditions.
E = Analytical concentration of metal in organic phase 
Analytical concentration of metal in aqueous phase
[M] [M1 ] x [M2 ] ^p _ org _ org + org +  + org
[M]aa [M1 ] [M2 ] CM.]
4  aq + aq +  + aq
Extraction Isotherm: The graphical presentation of isothermal
equilibrium concentrations of a metal in the aqueous and 
organic phases over an ordered range of conditions in extraction
Extraction Raffinate: The aqueous phase from which a metal/or
metals has been removed by contacting with an organic phase.
Equilibrium Constant: The equilibrium constant of a specified
distribution reaction expressed in terms of thermodynamic 
activites. LAKES LIBRARY
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Flooding: The discharge of mixed phases from one or both
exit ports of.a contactor.
Liquid-Liquid Extraction, LLEX: Separation of one or more
solutes from a mixture by mass transfer between immiscible 
phases in which at least one phase is an organic liquid.
(Also known somewhat incorrectly as solvent extraction, SX^^)
Load: To transfer a metal from an aqueous to an organic
phase.
Loaded Solvent: The organic solvent containing the maximum
concentration of metal for the conditions under which extraction 
occurred.
Loading Capacity: Refers to the saturation limit of a solvent
for a metal or metals.
Maximum Loading: See Loading Capacity.
Mixed Solvent: A solution of more than one extractant in an
organic diluent.
Modifier: A substance added to a solvent to increase the
solubility of the extractant, salts of the extractant, or of 
the extracted metal species, during extraction or stripping.
Also added as an emulsion inhibitor.
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Partition Coefficient: The ratio of the concentration of a
solute in a single definite form in the organic phase to
that of the same form in the aqueous phase at equilibrium.
{M} YM [M]p - org _ org org
{M}aq YM [M] ̂ aq aq
YM
p = e -J 2 E2  
ymaq
where braces indicate activities, square brackets indicate 
concentrations, and y the activity coefficient for the species 
and phase indicated by subscript. Under ideal conditions 
where the solute exists in the same form in both phases, 
the phases are completely immiscible, there are no interactions
between solute and solvent, and association or dissociation 
reactions do not occur (ideality in LLEX), the terms 
"extraction coefficient" and "partition coefficient" become 
synonymous. For the uncharged species extracted, however, 
the activity coefficients can be taken as near enough to 
unity to be ignored.
Partition Constant: The value of the partition coefficient
at infinite dilution, that is, the ratio of the thermo­
dynamic activity of a solute in a single definite form in 
the organic phase to that of the same form in the aqueous 
phase at equilibrium.
pHjy : That pH value at which the extraction coefficient is
unity.
Phase Ratio: See A/0 ratio.
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Phase Inversion: The change in a solvent extraction system
when the dispersed phase becomes the continuous phase, or 
vice versa.
Pregnant Solvent: See Loaded Solvent.
Raffinate: The aqueous phase from which the metal has been
removed by extraction; generally a waste stream from a LLEX 
circuit.
Recovery (Degree of Extraction), R; If vorg and are
volumes of the phases after separation and M and M are*   org aq
the concentration of the metal ion in organic and aqueous phase
M * V R _ _ org org______
M -V + M * V org org aq aq
and from the definition of E it can be written
EV «
R - °rg ----EV + V Vorg aq aqE + v
org
For practical purposes R is more useful than E. For example, 
for values of R between 99-100% denote essentially complete 
extraction. If E is extremely large, the metal can be con­
centrated in the organic phase by use of a O/A ratio well 
below unity, e.g. ^ = 0.01. Such enrichment techniques 
are very useful in enhancement of capacity of the plant as 
well as in trace metal production.
Scrubbing: The selective removal of a contaminating solute
from a loaded solvent prior to stripping. Also removal of 
solvent degradation products and non-strippable metal complexes 
from the solvent usually after stripping.
T-1995
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Scrubbed Solvent: The organic phase after removal of un­
desirable metals.
Scrub Solution; The aqueous solution used to contact the 
loaded solvent for removal of undesirable metals.
Scrub Raffinate; The aqueous phase after contacting the loaded 
solvent.
Separation Factor: The ratio of the distribution coefficients
of two metals being compared.
Settling: Separation of dispersed immiscible phases by
coalescence or sedimentation.
Solvent Extraction, SX: See Liquid-Liquid Extraction.
Solvent: A mixture of extractant, diluent, and in some cases
a modifier. The organic phase which preferentially dissolves 
the extractable metal from an aqueous solution.
Stage: A simple stage contact (dispersion and disengagement).
Also refers to a theoretical stage which is a contact that 
attains equilibrium conditions in a particular system.
Steady State (in LLEX); The state of a process operating in 
such a way that the concentration of metals in exit streams 
remain constant with respect to time for constant feed con­
centrations, even though the two phases are not necessarily 
in thermodynamic equilibrium in any part of the process.
Stripping: The removal of extracted metal from the loaded
solvent. Selective stripping refers to separate removal of 
specific metals from a solvent containing more than one metal.
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Stripping Coefficients, S: The reciprocal of the extraction
coefficients.
E
Strip Solution: The aqueous solution used to contact the
loaded (or scrubbed) solvent to recover the extracted metal.
Strip Isotherm: Similar to extraction isotherm but for stripping.
Strip Liquor: The aqueous solution containing the metal re­
covered by stripping from a loaded solvent.
Stripped Solvent; The solvent after removal of extracted 
metal by stripping.
Synergism: The cooperative and beneficial effect of two or




The mechanism of LLEX as applied in hydrometallurgical 
processing in an equilibrium process which can be defined 
in a simple manner by equation such as
M + 0 MO
In the first step the metal, M, is transferred from 
an aqueous phase to an organic phase 0 as some complex MO, 
in which case the process demands that the equilibrium 
position in this equation be shifted to the right (Extraction 
Stage). The second step is the reverse of the first stage in 
that the metal is transferred from the organic phase to an 
aqueous phase,in which case this step requires that the 
equilibrium position be shifted to the left (Stripping Stage).
In simple manner, the LLEX of metals is a simple 
operation requiring only a shift in the equilibrium between 
the extraction and stripping stages. Therefore, it is 
sufficient to know only the equilibrium conditions to 
develop a commercially feasible operation with knowing 
little or nothing about the chemistry of a LLEX process. 
However, to overcome and to understand the causes of the 
problems in LLEX operation, we have to know the chemistry 
of metal complexes in both aqueous and organic media.
In principle, a metallurgical process which involves 
LLEX has three unit operations: leaching, LLEX, electro­
winning or precipitation. A simplified general LLEX
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circuit is given in Fig. 1. Also, it should be mentioned 
that LLEX is only a unit operation in hydrometallurgy.
The aqueous leaching feed and solvent are fed into 
a contactor in which the two phases are mixed. In this 
stage the metal of interest is transferred from aqueous 
phase to the organic phase (Extraction Stage).
From the extraction stage the pregnant solvent 
(loaded solvent) may go to another contactor where it is 
scrubbed with an appropriate aqueous solution to remove =1 
the small amount of impurities which co-extracted in the 
extraction stage. Scrubbed raffinate may go to waste or 
to recycle depending upon the treated aqueous solution.
After scrubbing, the loaded and cleaned solvent goes 
to a third stage in which the solute is transferred from 
the organic phase to aqueous phase with a suitable fairly 
concentrated solution, (stripping stage)
The stripped solvent is recycled back to the first 
stage. Each of the described stages may involve more 
than one contactor depending upon the extracted metal 












































II-B Classification of Extraction Systems.
In principle, extraction processes may be classified 
according to the mechanism of the extraction reaction/"^' ^
a. Simple physical distribution. As an example, 
distribution of benzene between cyclohexane and
water. (Not applicable in hydrometallurgical processes).
b. Distribution of ion-associates. Metal chelates are
(15)generally of this form.
c. Distribution involving solvation in either one or 
both phases.
d. Distribution involving reaction with excess ligands, 
usually in aqueous phase.
e. Ion exchange reactions.
f. Distribution involving aggregation. Particularly in 
the organic phase.
In most cases more than one of the above reactions 
occurs, and the equilibria become very complicated. For 
example:
1. The extraction of uranyl nitrate from aqueous nitric 
acid into TBP (tri-n-butyl phosphate) solution in 
xylene (types c+d+b).
2. The extraction of uranyl sulphate from aqueous sulphuric 
acid into TIOA (tri-iso-octyl amine) solution in 
kerosene (types b+d+f).
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3. The extraction of uranyl chloride from dilute
aqueous solution into D2EHPA (di-(2-ethyl hexyl)- 
phosphoric acid) in hexane (types b+e+f).
Also, the extraction process may be classified 
according to the nature of the extracted species. However, 
this kind of classification is not practicable in the 
hydrometallurgical processes.
In this thesis, it was convenient to classify dis­
tribution systems both by processes and by extractants,
. ... (16,17)as follows:
1. Systems involving compound formation: chelating agents, 
acidic organophosphorus esters, carboxylic and other 
acids.
2. Systems involving solvation: alcohols, neutral esters 
(such as alkyl phosphate esters), ketones, and 
ethers.
3. Systems involving ion-pair formation (ion-association); 
bulky ionic extractants, long chain amines.
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II-B.l. Extraction by Compound Formation
The type of extractants dealt with in this part are fre­
quently called liquid cation exchangers. Indeed, these reagents 
operate by interchange of hydrogen ions of the acidic organic
reagent for the cation in the aqueous phase.
Cation exchange extraction systems will be treated under 
three different headings: a. Extraction by chelating agents
(see appendix I); b. Extraction by acidic organophosphorus 
esters (see appendix II); c. Extraction by sulphonic and carbo-
xylic acids (mostly fatty acids).
The acids, HX, forming the inner complex MXm are usually 
weak and more organic than water-soluble.
The chelates, MX , are stable and can be isolated in them
solid state. They are insoluble in water and their composition 
is usually unaffected by the nature of the diluent used.
Since these will be covered along with the acidic organo­
phosphorous compound(s), the chelating and carboxylic-sulphonic 
acids will not be considered here.
Extraction by acidic organophosphorus compounds. Acidic 
organophosphorus extractants have proved to be very useful in 
the extraction of a wide variety of metal species ranging from 
purely laboratory procedures to large-scale operations. Among 
the advantages of acidic organophosphorus extractants are the
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chemical and radiation stability, the efficiency of metal species 
extraction from acid solutions and a good separation from chemical­
ly similar elements.
The use of D2EHPA for the extraction of metals from sulphuric
(18)acid solutions has been demonstrated by Blake et al. Later
the extractions of uranium (VI) , thorium (IV) , zirconium
(IV) , vanadium (IV) , iron (III) , indium (III) ,
(24) (24)lanthanum (III) , and bismuth (III) were investigated
(25) + 3by Sato.- Also Mason et al. published the extraction of Y ,
Pm , Eu , Tm , Lu , Am and Cm from an aqueous chloride
phase by D2EHPA in heptane.
The extraction reaction of acidic organophosphorus compounds
themselves are usually well understood, but the non-ideal behavior
of the metals in the organic phase complicates the description
of the extraction process by simple equations.
However, we can write to illustrate the extraction of a
metal ion, M+n , by an extractant, HX
M+m + mHX = MX + mH+ (1)m
As it can be seen from eq. 1, acidic organophosphorus compounds 
extract metals by a cation exchange reaction between one or two 
acidic hydrogens of the extractants and the extractable metal 
ion, but the experimental data fit only occasionally into mass- 
action equation of a simple exchange equilibrium. The reason
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for that is organophosphorus acids have a very pronounced 
tendency toward association into dimers and larger aggregates. 
Infra red spectra of D2EHPA in kerosene show the P-*»0 frequency 
at 1230 cm \  OH stretching bands at 2680 and 2350 cm  ̂ , which 
are attributed to the formation of a dimer,and the OH bending 
band at 1690 cm The widely accepted structure of the
ring for dimerisation is
i 2 5RO 0-H O 1
x  y c  ‘ ■ - f ' c -h>RO 0... H-0 H
However, the dimer or trimer of acidic organophosphorus structure
(27)can be broken by dilution.
A number of equilibria have to be considered in any two-phase
dialkylphosphoric acid-diluent-aqueous acid system. These
equilibria could schematically be presented as in Fig. 2, as






'FIG. 2. Equilibria in an organophosphoric acid (HX)- 
diluent-aqueous acid (HA) system.
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Where and are the equilibrium constants of the dimeriza- 
tion of the organophosphoric acid in aqueous and organic phases, 
is equilibrium constant of the monomer, KD is equilibrium
iconstant of the dimeric species. The highest K 2  and values
are in the case of non-solvating aliphatic hydrocarbon diluents.
(29} 2Liem showed that K2Kd ^s constant (~5000) for the
most aliphatic diluents and is independent of the nature of
the diluents. Kolarik^^ demonstrated the types of interaction,
equilibria and determination of equilibrium constants for
acidic organophosphorus extractants.
An additional interaction, not shown in Fig. 2, HX + S
HX*S with an equilibrium constant Kg may occur in the organic
phase between the extractant acid, HX, and the organic diluent, S.
The overall equilibrium of the distribution of D2EHPA
between the organic and the aqueous phases involves a number of
individual equilibria, which can be described as similarly
suggested by Kolaric.
j1 9 2H 5
S = Diluent , RĈ P  ^  ° = X , RO=-Q-C —  C — C4Hg
R(T^ ^ 0 " | I
H H
HX ^  H+ + X" (K ) -----  - (2)d
aHX + bX _ =  Ha X ^ + b )  (Ka / b ) ---------------- ( 3 )
nHX (HX) n (Kn) ----------- (4)
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n (HX) (HX) n (Kn)  (5)
HX HX (Kd)  (6 )
aHX + bS aHX-bS (K , ) - - - (7)a, o
or sometimes
a (HX) 2  + bS a(HX)2*bS (K̂  b) - - - (7a)
Distribution ratio is given by
D = concentration of D2EHPA in organic phase 
concentration of D2EHPA in aqueous phase
[HX] + R  n[(HX) ] + i  i  a [aHX-bS]
D = _______n= 2  n a=l b=l ________________  (8)
[HX] + [X-] + L 2 n[(HX)n] + ^=1 (a+b) [Hax"*+b) ]
Generally speaking, extractability of metals increases with
increasing charge of the ion. Divalent transition metal ions
+2 + 2have higher E's, while divalent oxy-ions U02  , Np° 2  anĉ
+ 2 4PuC>2  have a distribution ratio about 10 greater than the
alkaline earths (especially in the case of D2EHPA). The 
extractability of both lanthanides and actinides increases with 
.increasing atomic number. For example, the separation co­
efficient for the light adjacent lanthanides was found to
(31)be 1.95 as compared to 2.60 for the heavy lanthanides.
The extraction of metals by dimeric dialkyl esters is 
usually fairly well represented by the reaction
,+mM 111 + m(HXL M (X* HX) + mH (9)
2  m
Assuming that M(X*HX)m is the only metal-bearing species 
in the organic phase and M+m is the only one in the aqueous 
phase, the stochiometric equilibrium constant of the above 
reaction
[M ( X - H X )  1 [H+ ] m
K =  ■-—   (1 0 )
[M ™ ] [ (HX)2 ]
has been successfully evaluated for a large number of cations.
(32) . .Evidence has been reported by Peppard to show the actinides
extraction from acidic aqueous solution by D2EHPA. Of course,
K, equilibrium constant, depends on the nature of the diluent.
+ 2  . (33)For example, K for U02  by D2EHPA m  kerosene was
(34)found to be 4.53 as compared to 4.60 in hexane for the
same species.
+ 2At low levels of uranyl ion , UÔ  - D2EHPA chelate has an 
8 -membered ring structure which can be illustrated as follows:
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Indeed, isopiestic measurements showed that the UC>2 (D2 EHP) 2
(3 5 )compound exists in a hexane solution as a chain polymer
and the extent of polymerization or dimerization, respectively,
is related to the extent of extractant-diluent interaction.
In D2EHPA, HX, extraction of uranium at low levels,
i.e. less than 300 ppm, the following reaction occurs:
UCU + 2 (HX) =  UO,X-H-, + 2H+ (11)
* aq Z 2 4 2  Qrg aq
However, at higher uranium levels, increasingly long-chain 
polymers of the composition (U0 2) X2 n+ 2  H 2  are ev -̂dently 
formed. Thus, although the extraction is by cation exchange, 
the products appear rather specialized structures in which
(18)the charge and coordination power of the cation are important.
It is also possible for some metal nitrates to be ex­
tracted via a solvation mechanism by acidic organophosphorus
I 3 6 ) 2esters. Healy and Kennedy showed that UC> 2 can be extracted
from aqueous solutions of ) 3M HNO^ by D2EHPA with solvation
mechanism by forming UC^CNC^) • ( D 2 E H P A ) 2  •
It also should be noted that the reagent structure effect
is very important to consider here. For example,
(2 -ethylhexyl)ethylhexyl phosphoric acid is a more effective
+ 2extractant for UC^ , giving an E value twice as high as 
di(ethylhexyl) phosphoric acid, because metal extraction power 
generally decreases with increasing branching of the alkyl
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(38)chain/ (Table I). Something may be said for monoaryl
and diaryl phosphoric acids. For example,octylphenyl phosphoric 
(39)acid (OPPA) is more successful than diaryl phosphoric acid
+2for UO2  extraction.
Table I. Both reagent type and choice of diluent 
influence in uranium extraction
(18)Source: Blake and others
Aqueous phase initially 0.004M U(IV) 
pH = 1





Dielectric 9 9 9 -
Diluent Constant 0.5M SO4  0. 4M PO4  0.4M PO4  0.4M P04
Kerosene 2 135 25 14 200
CC1. 2.2 17 3 6  2404
a - mono (2,6,8 - trimethyl-4-nonyl) phosphoric acid 
b - dodecyl phosphoric acid
Although some work has been done on the kinetics of metal 
extraction with organophosphorus acids(40)̂  most workers are 
interested in the equilibrium state of the processes. However, 
interesting information may also be obtained from kinetic
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experiments. Commonly, the rate of extraction is governed 
by the convection of the distribuend through the bulk of one 
phase, its diffusion through a thin surface layer of this 
phase, the crossing of the interface, and diffusion and con­
vection processes in the second phase. Of course, these 
processes depend upon the viscosities of the aqueous and organic 
phases and the temperature, and on the rate of stirring.
The rate of extraction with acidic organophosphorus esters
is usually fast (except Fe(III), Al, Be; therefore, D2EHPA is
(41 42)a desirable extractant for the recovery of uranium ' ).
The rate decreases when the initial acidity of the aqueous phase
is higher and when the ester has long or branched alkyl chains.
The extraction of uranium by D2EHPA is itself relatively 
(43)slow when compared with fast extraction of uranium by
(44) (45) ^amines and by TBP , but the D2EHPA uranium extraction
is rapid enough to use it in continuous contactors.
(43)Lyon et al. studied the kinetics of uranium (VI)
extraction by D2EHPA from simulated sulfuric acid leach liquors 
in turbine-stirred baffled mixers. They used 0.1-0.2M D2EHPA 
+ 0.1M TBP in kerosene. The aqueous solutions contained
0.005-0.02M uranium and 0.5-1M sulphate, pH^ 1 plus Fe,
Al and V as typical leach liquor contaminants. In order to 
do that, they measured the sum of the forward and reverse rate 
constants
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k = k^ + k_ 1 (11)
ka = -Ln(1-E )V /V-t s aq' (12)
where Eg is the extraction stage efficiency which can be 
given by
(13)
and a = (interfacial area)/ (volume of the designated species)
a = - (14)V
t is contact time. Consistent results from the timed samples
taken at up to 95% of equilibrium confirmed that the underlying
assumption of unchanging mechanism, first order in both
directions, is correct within the experimental precision.
Also, Wells et al. showed that the rate of uranium (VI)
extraction by D2EHPA in kerosene is first order with respect
to the uranium concentration in the aqueous phase.
(47)Marcus and Kolaric worked on the heat effect of
the extraction of uranium (VI) from dilute aqueous nitrate 
solutions with D2EHPA, HX, in dodecane. The thermodynamic 
functions for the extraction reaction
were calculated for the standard state of infinite dilution of
(15)
*all solutes in dodecane as AH , standard molar enthalpy,
= -30 kJ mol” 1  , A°G* = -32 kJ mol” 1  and A°S* = 7 JK- 1  mol- 1  
at 25°C.
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II-B-2. Extraction by Solvation
The type of extractants in this part are usually 
called neutral oxygen-containing organics where inorganic 
species are solvated by coordination of the solvent mole­
cules to the central atom, often through a water molecule 
bridge. There are two main groups of extractants in this 
area: those containing oxygen bonded to carbon such as
esters (-COOR), alcohols (C-OH), ethers (C-O-C) and ketones 
(C=0) and those containing oxygen bonded to phosphorus 
such as alkylphosphate esters ((RO)3 P=0 ) and alkyl phosphine 
oxides (R3  P=0).
One of the most distinguishing differences between two 
types of extractants lies in the specific role ascribed to 
water. In the phosphorus ester system, water is frequently 
eliminated from organic phase metal complex. With ethers 
and ketones water is a necessary part of the complex, 
probably forming bridges between the organic and metal 
components of the complex through hydrogen bonding. For 
example, uranyl nitrate is transferred into dibutyl carbitol 
(DBC) with two water molecules, UO2 (NO3 )2 *DBC* 21^0; however, 
the same salt alone will go into tri-n-butyl phosphate (TBP) 
by forming UO2 (NO3 )^*2 T B P # since these will be covered 
with the oxygen bonded phosphorus compounds, the oxygen 
bonded carbon compounds will not be considered here (see 
Appendix III for oxygen bonded carbon compounds).
Tri-n-butyl phosphate (TBP) is, of course, by far the 
most familiar extractant of this type, and has received by
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far the widest coverage. Other neutral organophosphorus 
compounds are similar in their extractive behavior, and 
the type of complexes they form. As a rule, the extrac­
tion power increases markedly as the number of direct C-P 
linkages increases in the series phosphate-phosphonate- 
phosphinate-phosphine oxide. For example, trioctyl 
phosphine oxide (TOPO) extracts uranium (VI) with extraction 
coefficient, E, higher by five orders of magnitude than 
does TBP. However, alkyl and alkoxy phosphines seem to 
be impractical in view of their low stability.
Low water solubility of neutral organophosphorus com­
pound is one of their most important characteristics.
Compounds containing less than 10-12 carbon atoms are not 
practical for LLEX application, because of high solubility
losses to the aqueous phase. The solubility of neutral
organophosphorus compounds increases in the series phosphate- 
phosphonate-phosphinate-phosphine oxide by increasing polar 
properties of the phosphoryl group in the molecule. For 
example, the solubilities of TBP and tributylphosphine 
oxide (TBPO) at 25°C in water are 0.39 and 0.40 g/l, and 
solubilities of water in the same organics are 64 and 
416 g/l. (52)
TBP is a colorless, viscous liquid (5 )̂ = 3 . 3 9  Cp at
25°C) but its density, 0.9730 g/cm1  at 25°C, is so close to
that of water that good phase separation in LLEX is difficult.
Also, its high viscosity retards mass transfer and encourages 
the formation of stable emulsions during agitation with 
aqueous phase.
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Most of the above disadvantages of TBP can be 
overcome by dilution with an inert organic liquid. Such 
a diluent must be immiscible with water but completely 
miscible with TBP and TBP-uranium complex. It must be 
stable in strong acids and must have a low viscosity 
and should be cheap as well as commercially available.
The extraction of uranium into TBP is usually des­
cribed by means of the following reversible reaction:
U0+ 2  + 2N0“ + 2TBP ;£= UOo(NO,) • 2TBP (16)9 3 >5 92aq aq 2
[U09 (N0o) • 2TBP]
3 2  (17)K =   v
[U02+2] [NO"] 2  [TBP] 2
Here the brackets refer to molar concentrations.
TBP is
[TBP] = [̂ ]total " 2  [U02 (N03) 2  ] (18)
(54)Harrington and Ruehle demonstrated that at low
nitric acid concentrations, the distribution ratio rises 
as uranyl nitrate is added to the system, showing the self­
salting characteristics of uranyl nitrate; however, it
then goes through a maxiumum and decreases as more of
(55)the TBP is used to form the extractable complex.
At yery high concentrations of uranyl nitrate, the concen­
tration of organic phase approaches a limit of 1  mole of 
uranyl nitrate per two moles of TBP, conforming to the 
composition of the complex, U02 (N0~) * 2TBP.
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that the water content of the organic phase decreases
as the uranyl nitrate concentration increases indicates
that the extractable complex contains no water.
Nitric acid, acting as a salting agent, increases
the extraction coefficient, E , of UO-WNO-) at allz 3 2
concentrations, i.e. less than 1 0 ”%, where the self­
salting and solvent saturation effects are absent.
Nitric acid may also be extracted by TBP, but with 
extractability of approximately one-tenth that of uranium. 
It extracts according to the equation:
H+ + NO’ + TBP = HNO_ • TBP (19)^ Jaq ^
Harrington believes that increased temperature tends
to decrease the E for uranium (VI). The effect is less
. (57)pronounced at higher uranium concentrations. Fidelis 
demonstrated that the effect of temperature on the ex­
traction coefficients is much higher than of the separation
coefficients for lanthanides in the undiluted TBP-HNO3
(58)system. However, Patil et al. feel that the extraction
coefficients for the tetravalent and hexavalent actinides 
with 30% TBP in xylene have very interesting behaviors.
E values of Th(IV) decrease with increasing temperature 
while those of U(IV), Np(IV) and Pu(IV) increase with in­
creasing temperature. However, there is some disagreement
(59)among data from different sources ', but the extraction
T-1995
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coefficients of hexavalent actinides such as U(VI), Np(VI) 
and Pu(VI) decrease with increasing temperature and this 
is in agreement with the behavior reported by Harrington 
and Fidelis for lanthanides.
Under conditions normally used for uranium extraction 
(22.5% TBP, 1 to 3 N HNO3 ) the extractability of almost 
all other chemical species is very low, indicating ex­
cellent separation from uranium.^^ There are a few 
exceptions, such as Cr2 0y^ (61)̂  Ce+4 (62)̂  cQ + 2  .
However, the dichromate, the eerie and the cobalt ions are 
not normally found under process conditions. It is es­
timated that an extraction coefficient of less than 0 . 0 1  
will result in an adequate separation of these elements 
from uranium (except Th(IV) and Mo (IV) ^ ^  ) . Only a 
serious problem may be caused by ruthenium and gives a 
trouble some degradation product, dibutyl phosphate; 
nevertheless, it has proved that to be a very good extractant.
On the other hand, TBP is one of the poorest of the 
tri alkyl phosphates in terms of the separation of uranium 
and zirconium tracers, but has the greatest selectivity 
for uranium. If HC1 is used instead of HNO^ , TBP also 
can be easily used for copper, scandium, vanadium, 
niobium and zirconium and if HCIO4  is used, TBP can be 
applied to Cr(III) extraction.
The ability of TBP to act as an extractant almost
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certainly resides in the phosphoryl oxygen. The alkoxy 
oxygens do not seem to play any direct role in extraction. 
Two structures can be written for TBP:
(R0) 3  - P = 0  R = n -  C 4 Hg - (20)
and
(RO) 3  - P+ - 0" (21)
The contribution of the second structure permits TBP
to donate electrons for bond information. It also should
be noted that the extraction may operate by two different
mechanisms. One involves direct metal-TBP coordination,
e.g. U02 (TBP)2 (N03)̂ , Co(TBP) 2  Cl2  / and the other is
proton- TBP coordination in the case of transition-metal
halo acids, e.g. (H • TBP+ ) 0 CoCl"? , H(TBP)+ U0o(N0,)z 4 2 2 3
The extraction of uranium(IV) with TBP from nitrate
solutions has been studied extensively. Davis et al.(65)
have demonstrated the molar volumes of the components in
the water-uranyl nitrate-TBP-AMSCO 125-82 system by assuming
the molar volume of water to be constant at 18 ml/mole,
the molar volumes of the components in the organic phase,
in ml/mole, were calculated to be: 273.1 for TBP, 246.8
for the diluent (whose molecular weight is assumed to be
(6 6 )185), and 93.5 for U02 (NC>3 ) 2  . Petkovic et al. reported
that the change of tri alkyl phosphate reactivity with 
temperature can be used to determine the thermodynamic 
quantities.
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Using single-drop method as the experimental technique,
the transfer mechanism of uranium(VI) and Pu(IV) in HNO3 -
H2 0-TBP-dodecane is shown to be. that the TBP reacts not only
with the neutral metal compound but also with the ionic
(45)species, as reported by Baumgartner and Fmsterwalder.
It has been shown that TBP gives rise to different
proton magnetic resonance signals depending upon whether
(67)it is bond to uranyl nitrate or free
U02 (N03 ) 2  * 2TBP + TBP = TBP + U02 (N 0 3 ) 2  ’ 2TBP (22)
which says that equations (16) and (19) are more complicated 
than have been thought. Egozy and Weiss (6 8 ) jiave 
termined that the activation energy of the eq. (2 2 ) is 
7.0 kcal/mole (in toluene). (For further applications 
see synergism).
Phosphine Oxides. The trialkyl phosphine oxides in
kerosene approach the selectivity of ether and TBP, and
also the distribution coefficients of uranium are from 1 0  
5to 1 0  greater than those of thorium, iron, aluminum and 
vanadium under the same conditions. The mechanism of ex­
traction by tri-n-butyl phosphine oxide, TBPO, is quite 
similar to that for TBP:
U02 2  + 2NO“ + 2TBP0 = U02 (N03 ) 2  * 2TBPO (23)
Uranium is also effectively extracted from chloride, 
sulphate and phosphate solutions. Extraction from sulphate
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and phosphate solutions can be very greatly increased
(69)by adding nitrate and chloride salts.
TBPO also has been suggested for Nb(V) (70) f Pu(IV) (71)̂
U(VI)(72/73)  ̂ zr(IV)^^ extractions in recent years.
(75)White and Ross have surveyed the LLEX extraction of
metals and separations with tri octyl phosphine oxide,
TOPO, up to 1960. Also Shanker and V e n k a t e s w a r l u (76) and
(77)Harmon et al. have published two recent works on
transition and transuranium element extraction with TOPO. 
TOPO has been successfully used for the extraction of 
Sb(II), Bi(III), Fe(III), Ti(IV), Zr(IV), Hf(IV), Th(IV), 
Sn(IV), Nb(V), Mo(VI), Tc(VII) and U(VI) in analytical 
chemistry.
However, tri-alkyl phosphine oxides seem to be impracti­
cal in view of their stability and their costs and they are 
not always commercially available. Therefore, tri-alkyl 
phosphine oxides have never been used alone in industrial 




II-B-3. Systems Involving Ion-Pair Formation (Ion Association)
This section is concerned with a very short survey of the 
application of bulky ion exchangers, including high mole­
cular weight amines and quaternary ammonium salts, which 
have been more extensively used than other liquid ion 
exchangers.
All liquid ion-exchangers, when dissolved in a 
diluent, aggregate to a greater or lesser extent. Thus, the 
equilibria involved in the aqueous phase become very com­
plicated. Therefore, little can be said about the 
theoretical aspects of metal extraction in ion-association 
systems. Consequently, much of the work on such systems 
has to rely on experimental data, without the opportunities 
for understanding or predicting the behavior of such 
systems.
It has been shown that it is not absolutely necessary
to have anion exchange occur in order to extract an anionic
metal species. In the extraction of uranium which is
usually represented as the extraction of the uranyl
-4sulphate complex anion, UC^tSO^)^ ; the neutral uranyl sulphate 
species can also be extracted:
U02 S04  + (R3 NH)2 S04  =  (R3 NH)2 U02 (S04 ) 2  (2 4 )
The above reaction depends on the sulphate concentration
(79)and pH of the aqueous phase. Also, Lloyd et al. have
suggested for the extraction of uranyl nitrate a quite 
similar mechanism, refer eq. (27).
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R3N + HN03  =  R N-HNO (25)
2 R3 n*HN0 3 =  (R3 N*HN0 3 ) 2  (dimer) ....  (26)
U02 (N03) + 2R3 N*HN03 == (R3 N*HN03) U02 (N03T (27)2 2 ^
U02 (N03) + 2 (R3 N*HN03) =  [(R3 N*HN03) ] U02 (N03) (28)
2 2 2 ^
Consequently, three basic equations can be proposed 
to describe the extraction mechanism.
The anion-exchange mechanism:
n[(R3 N+H)A]° + ML~n =  [(R3 N+ H)n ML~n]° + nA_ (29)
A subsition mechanism:
[R3 N]° + ML~n == [R3 N-ML”^3_1)] + L_ (30)
"Solvation" mechanism:
MLx + 2CR3 N*HL] =  [ (R3 N*HL)2 *MLx] (31)
The most significant application of liquid ion-exchangers 
is in the field of complex metal-acids, particularly in the 
extraction and purification of U(IV,VI), Np(IV,VI) and Pu 
(IV,VI) in various atomic energy projects. Table 2 is a 
summary of the anion exchangers in LLEX applications.
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H “C. Diluents and Modifiers
The diluent, sometimes called a carrier, is mainly 
required as a diluting medium to lower the viscosity and to 
improve the phase disengagement. Desirable properties of 
the diluent in general improve with decreasing molecular 
weight; however, the additional diluent properties are:
1. Immiscible with water but completely miscible with 
organic and organic-uranium complex.
2. High flash point (safety factor).
3. High chemical stability under strong acids and 
temperature.
4. Low viscosity and density.
5. Cheapness and commercial availability.
Ritcey^^^ has reported the effect of diluent on ex­
traction coefficients of rare earth mixtures with D2EHPA 
under various percent aliphatic contents of the diluent.
He concluded that increasing aliphatic content in the 
diluent causes an increase in extraction coefficients. 
However, in the case of the extraction of copper by oximes, 
the increased aromatic content seems to favor the loading 
of the copper with respect to equilibrium, but increased 
aliphatics favor faster rates of mass transfer, ( m )
Voden et al. believe that organofluorine and
organofluorochlorine compounds as diluents have the most 
desirable properties for organophosphorus extractants. 
Ritcey et al. have attempted to relate the behavior
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of the diluents to their fundamental properties, such 
as solubility parameter, dielectric constant, dipole 
moment and polarizability.
Kerosene is probably the most popular diluent, al­
though many other hydrocarbons have been used. Typical 
of the diluents used, or available commercially, are 
those given in Table 3.
In addition to the active organic and the diluent, 
occasionally it is necessary to add a third organic to 
the solvent, known as a "modifier". It should be soluble 
in the diluent but insoluble in the aqueous phase and inert 
to the system. TBP, capryl alcohol, 2-ethyl hexanol, 
tri-decyl alcohol and isodecanol have been used as 
modifiers. However, B u r g e r f o u n d  that surface-active 
agents usually reduce the rate of transfer of metallic 
species even if present in small amounts in the system.
The effect was attributed to a mechanical blocking of the 
interface.
As a rule, it can be said that in the case of a solid 




TABLE 3. Some Commercially Available Diluents 
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9 3% Al.+7,% Naph. 
80% Al.
98% Al.
45% Al.+50% Naph 
45% Al.+50% Naph 
52% Al.+45% Naph 
>99% Al.
Chevron Imperial Oil
J. T. Baker (A.R.) 
Al. = Aliphatic 




II-D. Uranium and Uranium Chemistry
The earth crust contains about 0.0004 percent of 
uranium. By comparison its mercury content is about 
0.00008 percent. Deposits of high-grade ore are com­
paratively rare and most of the world's uranium is
extracted from ores containing <0 .1 % of the element.
+ 4 + 6Uranimte , Ux ) C^+x , is the most common
uranium mineral and pitchblende is a microcrystaline form 
of the uranite. Selected minerals of uranium and their 
locations are given by several authors . ' ̂ 2 0 )
Also, Quellmalz^^1) published an article about the 
history, geochemistry, distribution and characteristics 
of different types of uranium deposits of the world.
II-D-1. Uranium Chemistry
Uranium has the four oxidation states (III), (IV),
(V), and (VI) and the ions in aqueous solution are usually 
represented as U+2, U+4, UO^ , and UO^ 2  . The UO* ion 
is unstable in solution and undergoes disproportionation 
to U+ 4  and UO* 2  .
The element uranium also exhibits a formal oxida­
tion number of (II) in a few solid compounds, semimetallic 
in nature, such as UO and US. However, no simple 
uranium ions of oxidation state (II) are known in 
solution.
Urany ion form complexes with many oxy anions. Both
U(VI) and U(IV) compounds dissolve in alkali carbonate
(122)solutions with formation of carbonate complexes.
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II-© Acid Leaching
Leaching in sulphuric acid is the most widely practiced 
process for the initial concentration of uraniferous ores.
Since tetravalent uranium is almost insoluble in dilute 
sulphuric acid (and insoluble also in alkaline leaching agents), 
the addition of an oxidant such as NaClO^ or MnC^ is
sufficient in itself to achieve an oxidation reaction of 
U(IV) into U(VI) in the presence of iron. The amount of 
oxidant required is increased by the presence of phosphates, 
fluorides or arsenates since these form complexes with 
part of the ferric ion, rendering it ineffective for the 
oxidation of U(IV).
In most cases, iron present in the minerals themselves 
is sufficient for oxidation, and the function of the added 
oxidant is primarily to ensure that all the iron is present 
in the ferric state. The reactions involved may be 
presented as
Fe+2 _ ( O M ^ Fe+3 _ ^ 2
-Fe
Increasing the temperature of the leaching operation 
reduces the reaction time required, thus increasing the 
capacity of the equipment. For example, 93% extraction from 
a pitchblende ore may be achieved, other things being equal, 
by leaching for 4 hours at 40°C or 12 hours at 25°C^^^. 
Disadvantages of high temperature leaching include increased
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acid consumption and increased corrosion of the equipment.
It also should be noted that sulphuric acid ionizes 
in solution to form sulphate, bisulphate and H+ ions.
Reactions with U(VI) may be presented as follows:
U0 + 2  + SO .’ 2  -= UO^SO. (33)2 4 2 4
U03  + 2H+ r= U02+ 2  + H20 (34)
- 2
uo2 so4  + so ” 2  —  [U02 (S04) ] (35)
[U0 2 (S0 4) ] ” 2  + so ” 2 —  [U0 2 (S0 4) J- 4  (36)
2 3
Acid consumption is a function of the gangue consti­
tuents present in the ore. Therefore, in the case of high 
lime content carbonate leaching is particularly advantageous 
in the treatment of ores; however, there is no LLEX process 
which can be operated in basic medium.
Other leaching techniques under investigation include 
the addition of soluble A 1 2 (S0 )̂_̂  , which limits the re­
duction in permeability of the deposit, thereby improving 
leach efficiency, and contacting the leach solution at 
depth with oxygen under pressure. The latter would convert 
U(IV) ion to the more readily soluble U(VI) ion.^^^
T-1995 -47-
II. SYNERGISTIC EXTRACTION
III-A. Synergism has been observed in a wide variety of
systems including acidic organophosphorus esters (see 
App. II), chelating agents (see App. I), carboxylic 
acids, sulphonic acids in combination with alcohols, 
neutral alkyl phosphates, phosphonates, phosphine oxides, 
carboxylic esters, ethers, and amines. The extraction 
power of the mixture exceeds the sum of the extracting 
powers of its components
Ee x p . = E1 + E2 + AE (37)
where AE is the magnitude of the synergistic enhancement 
of extraction. This phenomenon of greatly enhanced ex­
traction, or synergism, due to a mixture of extractants 
has attracted considerable attention in recent years, 
especially in the extraction of transuranic elements.
There are four different types of synergistic com­
binations. (13) Two of them involve two neutral and two 
chelating agents while the others involve one acidic and 
one neutral extractant. As a rule, two neutral or two 
chelating agent combinations give a lower synergistic 
effect and there are only a few metal ions which can be 
synergistically extracted by those combinations, e.g. U(VI).
The formation of synergistic adducts is characterized 
by a substantial decrease of the water content in the 
organic phase. Clearly, there can always be competition
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between water and the other donor molecules, S, of the 
synergist leading to the equilibrium:
which will be influenced by the formation constants of
the complex species MX (H_0), and MX_S , by the con-a z d a c
centrations of all the component species and their 
respective partition coefficient, P. Obviously, the
activity of water in the organic phase may play a dominant
( 1 2  8 } . role. v ’ All available data are unanimous m  showing
that the solubility of water in the diluent decreases,
regardless of the nature of both the acidic (chelating)
or neutral (donor) synergistic components.
In terms of the coordination number of the metal
involved, the necessity of displacing water or other
ligands from the coordination sites around the metal
in the metal-chelate as the synergistic adduct is formed
is associated with the tendency and ability of the metal
to increase its coordination number beyond that in which
it usually appears. (124) .p̂ g mechanism of synergistic
liquid-liquid extraction of uranium(VI) by mixture of
D2EHPA and TBP can be symbolised as follows(125).
MX (HO) + cS a 2  h MX S + bH 0 a c 2 (38)
c2h 5
D2EHPA : HX HgC4—  CH— CH2— P = 0 X
0"
S(The neutral donor molecule, the synergist) ; TBP







U02  ̂  I ^  HI 
S ^ NX '











(Coordination number remains at 8 )
X + 2HX (41a)
[ (HX) H] [U09 ) ] ̂ 2 [SH] [U02 X13] HX (42)
or [S (HX)Hr [U02 \̂[/ X ]3J (42a)
The effectiveness of the neutral ester (S) depends on the 
basicity of the P=0 group and thus increases in the order:
(RO) 3  PO < R (RO) 2po < r2  (RO) PO < r3po
it also should be mentioned that normal alkyl chain compounds 
give higher extraction coefficients than branched and the degree 
of synergistic enhancement depends on the diluent employed. (126,127 
As mentioned earlier, dialkyl phosphoric acids are dimeric 
in inert diluents, so that the probable species extracted for 
U(VI)-HX-S systems are U02 X2 *S2  and U02 *HXS. A probable struc­
ture for di-butyl phosphoric acid, DBPA, and TBPO mixture with
F i n a l l y ,  i t  s h o u ld  be  n o t e d  t h a t  u n d e r  s t r i c t l y  i d e n t i c a l  
e x p e r i m e n t a l  c o n d i t i o n s ,  t h e  d i s p l a c e m e n t  o f  w a t e r  as  t h e  
s y n e r g i s t i c  a d d u c t  i s  fo r m e d  d e p e n d s  t o  a l a r g e  e x t e n t  
on t h e  c o o r d i n a t i o n  a b i l i t y  o f  t h e  m e t a l .
I t  i s  b e l i e v e d  t h a t  t h e  a s s o c i a t i o n  b e tw e e n  t h e  
a c i d i c  an d  t h e  n e u t r a l  c o m p o n e n ts  i s  r e l a t i v e l y  s t r o n g ;  
t h e r e f o r e ,  t h e  n e u t r a l  c o m p o n e n ts  may t a k e  p l a c e  t h r o u g h  
t h e  m o n o m e r iz a t io n  o f  t h e  d i m e r i c  a l k y l  p h o s p h o r ic  a c i d ,
( HX)2
(HX) + 2S =  2H X -S  (4 3 )
S in c e  t h e  s t a b i l i t y  o f  d im e r  d e p e n d s  on t h e  d i l u e n t  e m p lo y e d ,  
t h e  m ix e d  a d d u c t  b e tw e e n  tw o  g i v e n  c o m p o n e n ts  w i l l  a l s o  
d e p e n d  on t h e  d i l u e n t .  B e a s ^ ^ ® )  h a s  c o m p a re d  t h e  c h e m i c a l  
s t a b i l i t y  o f  HX*S a d d u c t  b e tw e n  D2EHPA and  TBP i n  v a r i o u s  
d i l u e n t s ,  an d  fo u n d  t h a t  H X ’ S i s  t h e  m o s t s t a b l e  i n  
k e r o s e n e .  O f  c o u r s e ,  t h e  s t a b i l i t y  o f  HX*S d e p e n d s  on t h e  
b a s i c i t y  o f  S a n d  m ore  b a s i c  n e u t r a l  l i g a n d s  g i v e  a b e t t e r  
c h e m i c a l  s t a b i l i t y .  T h e r e f o r e ,  H X ’ TBPO i s  m ore  s t a b l e  
t h a n  H X • T B P .
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A d i f f e r e n t  v i e w  o f  t h e  s y n e r g i s t i c  m e ch a n is m  
h a s  b e e n  f o r m u l a t e d  by  K en n ed y  e t  a l . ^ ^ ' ^ ^  who s u g g e s te d  
a s u b s t i t u t i o n  r e a c t i o n  f o r  t h e  s y n e r g i s t i c  e x t r a c t i o n  o f  
U('VI) .
U 02X2 • 2HX + 2S = U 02X2 *2S  + (HX) ( 4 4 )
(1 3 1 )
A l s o ,  D y r s s e n  an d  K uca fo u n d  a m o n o s u b s t i t u t e d  a d d u c t
b e tw e e n  DBPA an d  TBP o r  TBPO. I n  C C £^ , f o r  t h e  e q u i l i b r i u m  
c o n s t a n t  o f  t h e  r e a c t i o n
U 02 (DBP) 2 • (DBPA)2 + TBP = U 02 (DBP) 2 * DBPA*TBP + DBPA (45)
a v a l u e  o f  0 . 0 0 1  was o b t a i n e d .  H o w e v e r ,  B eas  s u g g e s t e d  a 
d i f f e r e n t  m e c h a n is m  f o r  t h e  same r e a c t i o n :
M ( X • H X ) _  + a s  -  M ( X : HX) S“  (4 6 )' 'm m a
w h e re  X and  HX a r e  DBP and  DBPA.
W h i l e  TBP c a u s e s  a r a t h e r  p r o n o u n c e d  s y n e r g i s t i c  e f f e c t  
i n  t h e  e x t r a c t i o n  o f  U ( V I )  and  S r ( I I )  by  D2EHPA, a n t a g o n i s t i c  
e f f e c t s  w e r e  o b s e r v e d  i n  t h e  e x t r a c t i o n  o f  E u ( I I I ) ,  A m ( I I I ) ,  
Z r ( I V )  an d  N b (V )  i n  h e x a n e / 1 3 2 ) A l s o ,  b o t h  s y n e r g i s t i c  
an d  a n t a g o n i s t i c  e f f e c t s  h a v e  b e e n  fo u n d  i n  t h e  e x t r a c t i o n  
o f  U ( V I )  w i t h  a m i x t u r e  o f  a m in e s  and  a c i d i c  o r g a n o  
p h o s p h o ru s  com pounds d e p e n d in g  on t h e  c o m p o s i t io n  and  pH;  
i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  pH h as  a n e g a t i v e  e f f e c t  on  
t h e  v a l u e s  o f  t h e  e x t r a c t i o n  c o e f f i c i e n t . ( 1 3 3 )
The  o t h e r  t y p e s  o f  s y n e r g i s t i c  c o m b i n a t io n s  a r e  s u m m a r iz e d*
i n  T a b l e  4 .
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TABLE 4 .  C h e l a t i n g A g e n t  - N e u t r a l  L ig a n d  S ys te m s
S p e c ie s
C h e l a t i n g
A g e n t
N e u t r a l
L i g a n t A q u e o u s /O r g a n ic R e f e r e n c e
+2uo2 TTA TBPO C 1 04 / v a r i o u s 134
+2uo2 TTA TOPO C l  /B e n z e n e 1 3 5 , 1 3 6
+2uo2 4>-C00H TOPO cio~ / c c i4 137
R a r e  E a r t h s TTA TBPO,TBP v a r i o u s /  CHC l^ 138
R a r e  E a r t h s EHPA DTPA v a r i o u s /  C H C l^ 138
R a r e  E a r t h s TTA DBSO-TBP c io4 / c h c i 3 139
R a r e  E a r t h s TTA AA CH^COOH /B e n z e n e 140
R a r e  E a r t h s TTA TBP CIO” / c c i4 1 4 1
V ( I V ) S a l i c y l i c
A c i d
P y r i d i n e S a l i c y l a t e /
n - B u t a n o l
1 4 2 , 1 4 3
Fe  ( I I I ) TTA TBP C IO ” /B e n z e n e  
4
144
Fe ( I I I ) TTA TOPO C l ” /B e n z e n e 145
TTA : T h e n o l y l t r i f l u o r o a c e t o n e  
DTPA: D i - e t h y l e n e t r i - a m i n e  p e n t a  A c e t i c  A c id
DBSO: D i - n - b u t y l  S u l p h o x i d e
AA: A c e t y l  A c e t o n e
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F i n a l l y ,  i t  s h o u ld  be  m e n t io n e d  t h a t  an i n c r e a s e  i n  
t e m p e r a t u r e  c o u l d  a c t  i n  tw o  o p p o s in g  w ays on t h e  s y n e r g i s t i c  
e x t r a c t i o n .  I t  c o u l d  e i t h e r  i n c r e a s e  t h e  e x t r a c t i o n  due  t o  
i n c r e a s e d  d e h y d r a t i o n  o f  t h e  s p e c i e s ,  s i n c e  s y n e r g is m  i s  
e s s e n t i a l l y  t h e  r e p la c e m e n t  o f  w a t e r  by  n e u t r a l  d o n o r  g r o u p s / - * - ^ )  
On t h e  o t h e r  h a n d ,  i n c r e a s i n g  t e m p e r a t u r e s  c o u l d  d e c r e a s e  t h e  
e x t r a c t i o n  d u e  t o  t h e  d e c r e a s e d  s t a b i l i t y  o f  t h e  c o m p le x  a t  
h i g h e r  t e m p e r a t u r e s .
2 n FACTORIAL DESIGN
Th e  f a c t o r i a l  d e s i g n  i n  w h ic h  t h e r e  a r e  tw o  l e v e l s  
f o r  e a c h  f a c t o r  i s  c a l l e d  t h e  2 n d e s i g n .  T h i s  i s  u s e f u l  
i n  p r a c t i c e  when t h e  i n v e s t i g a t o r  w is h e s  t o  s t u d y  many  
f a c t o r s  s i m u l t a n e o u s l y  w h i l e  k e e p in g  t h e  num ber o f  t r e a t ­
m e n t  c o m b i n a t io n s  as  s m a l l  as  p o s s i b l e .  A l s o ,  t h e  l a t e r  
e x p e r i m e n t s  i n  t h e  s e r i e s  c a n  b e  d e s ig n e d  u s i n g  i n f o r m a t i o n  
g a i n e d  f r o m  t h e  e a r l i e r  a n a l y s i s .  A n o t h e r  i m p o r t a n t  r e a s o n  
f o r  u s i n g  2n f a c t o r i a l  d e s i g n  i s  t h a t  t h e r e  e x i s t  c o m p u ta ­
t i o n a l  s h o r t - c u t s ,  i . e .  Y a t e s '  t e c h n i q u e r1 4 8 , 1 4 9 , 1 5 0 )  
w h ic h  c a n  b e  a p p l i e d  o n l y  t o  t h i s  c a s e .  H o w e v e r ,  s in c e  
e a c h  f a c t o r  i s  m e a s u re d  o n l y  a t  tw o  l e v e l s ,  i t  i s  i m p o s s i b l e  
t o  ju d g e  w h e t h e r  t h e  e f f e c t s  p r o d u c e d  b y  v a r i a t i o n s  i n  a 
f a c t o r  a r e  l i n e a r  o r ,  p e r h a p s ,  p a r a b o l i c  o r  e x p o n e n t i a l .
F o r  t h i s  r e a s o n ,  2 n f a c t o r i a l  e x p e r i m e n t s  a r e  o f t e n  u s e d  
as  p r e l i m i n a r y  e x p e r i m e n t s  w h ic h  a r e  f o l l o w e d  up b y  e x p e r i ­
m e n ts  i n v o l v i n g  f e w e r  f a c t o r s  b u t  a t  m ore  t h a n  tw o  l e v e l s .
S in c e  f o r  2^ f a c t o r i a l  d e s i g n  r e q u i r e s  a f a i r l y  l a r g e  
nu m b er o f  e x p e r i m e n t s ,  i t  w i l l  be  c o n v e n i e n t  t o  r e p r e s e n t  
t h e  e x p e r i m e n t a l  c o n d i t i o n s  by  means o f  a s p e c i a l  n o t a t i o n  
and  l i s t  th e m  i n  t h e  s o - c a l l e d  Y a t e s '  o r d e r  o r  s t a n d a r d  
o r d e r .  T h e  s y m b o l (1 )  i s  u s e d  t o  d e n o t e  t h e  e x p e r i m e n t a l  
c o n d i t i o n  i n  w h ic h  a l l  f a c t o r s  a r e  t a k e n  a t  t h e  l o w e r  l e v e l s ,  
an d  ac  r e p r e s e n t s  t h e  e x p e r i m e n t a l  c o n d i t i o n  w h e re  f a c t o r s  
A a n d  C a r e  t a k e n  a t  t h e  h i g h e r  l e v e l  and  t h e  o t h e r  f a c t o r s  
a r e  a t  t h e  l o w e r  l e v e l .  (S ee  a l s o  E x p e r i m e n t a l  R e s u l t s  
an d  D i s c u s s i o n ) .
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TABLE 5 .  Y a t e s  O r d e r  f o r  2^ F a c t o r i a l  D e s ig n
1 . (1 ) 7 . be 1 3 . cd 1 9 . be 2 5 . de 3 1 . b ede
2 . a 8 . ab c 1 4 . a cd 20 . abe 2 6 . ad e 3 2 . ab ed e
3 . b 9 . d 1 5 . b e d 21 . ce 2 7 . bde
4 . ab 10 . ad 1 6 . a b e d 22 . a c e 2 8 . abde
5 . c 11 . bd 1 7 . e 2 3 . b e e 2 9 . cd e
6 . ac 12 . abd 1 8 . ae 2 4 . a b c e 3 0 . a c d e
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V .  EXPERIMENTAL TECHNIQUES AND MATERIALS
The  e x p e r i m e n t a l  w o rk  was d i v i d e d  i n t o  t h r e e  a r e a s :
A .  D e v e lo p m e n t  o f  t h e  t e c h n i q u e  o f  f l u o r o m e t r i c  d e t e r ­
m i n a t i o n  o f  u r a n iu m  w i t h  R h o d am in e  B -  B e n z o ic  A c i d .
B . S y n e r g i s t i c  u r a n iu m  e x t r a c t i o n  ( c o m p le t e  b l o c k  d e s i g n )  
i n  p u r e  s y s te m .
C . The  e x t e n s i o n  o f  t h e  p u r e  s y n e r g i s t i c  s y s te m  i n t o  a 
n a t u r a l  s y s te m .
V - A .  F l u o r o m e t r i c  D e t e r m i n a t i o n  o f  U ra n iu m  w i t h  R h o d am in e  B -  
B e n z o ic  A c i d .
F o r  many y e a r s  u r a n iu m  h a s  b e e n  m e a s u re d  i n d i r e c t l y  
f r o m  i t s  t r a n s m u t a t i o n  p r o d u c t ,  r a d iu m .  R a d i o a c t i v i t y ,  
h o w e v e r ,  i s  n o t  a w h o l l y  r e l i a b l e  i n d i c a t i o n  o f  t h e  
u r a n iu m  c o n t e n t .  I f  t h e  m a t e r i a l  i s  i n  t r u e  r a d i o ­
a c t i v e  e q u i l i b i r u m  ( e s t a b l i s h e d  o v e r  many m i l l e n i a ) , 
t h e  r a t i o  o f  U t o  Ra i s  c o n s t a n t  ( 2 . 8 4  x  10^  t o  1 ) .
A l s o ,  r a d i o a c t i v i t y  m e a s u re m e n t  d o es  n o t  d i s c r i m i n a t e  
b e tw e e n  t h e  r a d i o a c t i v i t y  o f  U and  t h a t  o f  o t h e r  
e le m e n t s  ( e . g .  T h ,  N p ) . T h e r e f o r e ,  f l u o r o m e t r y  i s  t h e  
m o s t s e n s i t i v e  m e th o d  f o r  d e t e r m i n i n g  s m a l l  a m o u n ts  o f  
U; 10” -? g i s  d e t e c t a b l e  w h e re a s  t h e  l o w e r  l i m i t  f o r
—  5
m o s t c o l o r i m e t r i c  and  p o l a r o m e t n c  m e th o d s  i s  10 g .
F e i g l  h a s  p u b l i s h e d  a s p o t  t e s t  f o r  U , i n
w h ic h  a n e u t r a l  s o l u t i o n  o f  s a m p le  i s  s h a k e n  w i t h  a  
b e n z e n e  s o l u t i o n  c o n t a i n i n g  R h o d am in e  B. The  b e n z e n e  
l a y e r ,  i n  t h e  p r e s e n c e  o f  U , e x h i b i t s  an  i n t e n s e
f l u o r e s c e n c e  u n d e r  u . v .  l i g h t .  The  e f f e c t  i s  m a r k e d ly  
e n h a n c e d  b y  t h e  a d d i t i o n  o f  a l i t t l e  b e n z o i c  a c i d .
The f o l l o w i n g  d e v e lo p e d  t e c h n i q u e s  i s  b a s e d  on F e i g l ,  
a n d  A n d e r s e n  and  H e r c u le s  (1 5 2 )  f j-)Ut wi t h  s l i g h t  
d i f f e r e n c e s .
The  p r o c e s s  o f  f l u o r e s c e n c e  c o n s i s t s  o f  p h o to n  
a b s o r p t i o n  b y  a m o l e c u l e  g o in g  t o  an e x c i t e d  s i n g l e t  
s t a t e  and  t h e n  r e t u r n i n g  t o  t h e  g ro u n d  s t a t e  by  p h o to n  
e m i s s i o n .  O f  c o u r s e ,  t h e  c h an g e  i n  p h o to n  e n e r g y  
c a u s e s  a s h i f t  o f  t h e  f l u o r e s c e n c e  s p e c t r u m  t o  l o n g e r  
w ave  l e n g t h s ,  r e l a t i v e  t o  t h e  a b s o r p t i o n  s p e c t r u m  
(S t o k e s  S h i f t ) .
R e a g e n t s .
R h o d a m in e -B  -  P u r e  ( E a s t m a n ) . I t  s h o u ld  be  n o t e d  t h a t  
R h o d a m in e -B  c an  e a s i l y  b e  d i s s o l v e d  c o m p le t e  i n  H2O 
an d  CH^-OH. T h e r e f o r e ,  t h e  g la s s w a r e  m u s t be  v e r y  d r y .  
A c e to n e  -  S p e c t r o g r a d e  ( J .  T .  B a k e r )
U 09 (N 0 _ )  * 6H 0  -  AR ( A l l i e d  C h e m ic a ls ) ̂ 3 2  2
B e n z o ic  A c i d  -  AR (M e rc k )
NaOH -  AR ( M a l l i n c k r o d t )
H2S04 ”  ( M a l l i n c k r o d t )
KOH -  AR (M e r c k )
CH^-OH -  A b s o l u t e  ( M a l l i n c k r o d t )
R h o d a m in e -B  S o l u t i o n . 50 mg R h o d a m in e -B  + 1 0 0 0  m l b e n z e n e  
w e r e  t r a n s f e r r e d  i n t o  a 1 5 0 0  m l d a r k  b o t t l e .  The s o l u t i o n  
was a l l o w e d  t o  r e m a in  i n  t h e  d a r k  f o r  5 h o u r s  w i t h  i n t e r ­
m i t t e n t  s h a k i n g .  The  s o l u t i o n  was t h e n  f i l t e r e d  on
T-1995 -58-
W hatm an 40 (m edium  f a s t )  f i l t e r  p a p e r  t o  re m o v e  
t h e  u n d i s s o l v e d  R h o d a m in e -B .  I t  m u s t be  i n d i c a t e d  
t h a t  t h e  s o l u t i o n  m u s t  b e  k e p t  i n  a d a r k  p l a c e .
B e n z o ic  A c i d  S o l u t i o n .  B e n z o ic  a c i d  3 .5%  (by  w e i g h t )  
i n  b e n z e n e .
A p p a r a t u s .
T u r n e r  M o d e l  1 1 1  f l u o r o m e t e r  was u s e d .  A N o . 1 - 6 0  
( T u r n e r  N o . 1 1 0 - 8 1 4 )  p l u s  a N o . 58 ( T u r n e r  N o . 1 1 0 - 8 2 2 )  
c o m b i n e d - p r im a r y  f i l t e r  g i v e s  a p e a k  a t  
546  nm (a  n a r r o w  p a s s  f i l t e r ) , and  a N o . 2 3 - A  ( T u r n e r  
N o . 1 1 0 - 8 2 4 )  was u s e d  a s  a s e c o n d a r y  f i l t e r  (a  s h a r p  
c u t - o f f  f i l t e r  > 5 70  nm)
C u v e t s . P y r e x  t e s t  t u b e s  w i t h  10 mm o u t s i d e  d i a m e t e r ,  
b y  75 mm h i g h  w e r e  u s e d .
Backman Z e r o m a t ic  I I  pH m e t e r  and  a S a r g e n t  W e lc h
c o m b in e d  e l e c t r o d e  w e r e  u s e d  f o r  a l l  pH m e a s u r e m e n ts .
+ 2P r o c e d u r e . T a k e  1 0 . 0  m l s a m p le  (UC^ c o n c e n t r a t i o n  
l e s s  t h a n  10 ppm) a n d  a d j u s t  t h e  pH t o  3 . 5  ( w i t h  0 . 1  N 
NaOH and  0 . 1  N H2SC>4 ) .  Add 50 m l R h o d a m in e -B  and  
Benasoic a c i d  s o l u t i o n s  i n t o  t h e  30 m l p o l y e t h y l e n e  
b o t t l e .  S h ake  t h e  s a m p le  a b o u t  1 m in u t e  ( s e p a r a t i o n  
t i m e  i s  15 s e c o n d s ) .  DO NOT rem o ve  t h e  a q u e o u s  p h a s e .  
T a k e  t h e  o r g a n i c  p h a s e  ( u p p e r )  by  d r o p p i n g  p i p e t  i n t o  
t h e  c u v e t .  (M ake s u r e  t h a t  no w a t e r  d r o p l e t s  t r a n s ­
f e r r e d  i n t o  t h e  c u v e t  b e c a u s e  i t  c a u s e s  e r r o r ) . T h e n ,  
f o l l o w  t h e  i n s t r u c t i o n s :
T-1995 -59-
1 .  I n s t a l l  t h e  f i l t e r s  ( 1 - 6 0  p l u s  58 as  p r i m a r y  and  
2 3 - A  as  s e c o n d a r y ) .
2 .  A l l o w  2 m in u t e s  t o  warm  up t h e  f l u o r o m e t e r  (H o ld  
t h e  s t a r t  s w i t c h  i n  t h e  up p o s i t i o n  f o r  3 t o  4 
s e c o n d s . )
3 .  A d j u s t  t h e  r a n g e  s e l e c t o r  ( I X , 3 X , 1 0 X , 3 0 X ) . The  
n u m b ers  3 , 1 0 , 3 0  i n d i c a t e  t h e  a p p r o x i m a t e  i n c r e a s e  
i n  t h e  s e n s i t i v i t y  w h ic h  i s  o b t a i n e d  o v e r  t h e  
l e a s t  s e n s i t i v e  ( I X )  s e t t i n g .
4 .  P l a c e  t h e  b l a n k i n g  c u v e t  ( b l a c k  r o d )  i n  t h e  s a m p le  
p o s i t i o n  o f  t h e  s a m p le  h o l d e r  and  c l o s e  t h e  d o o r .
The  b l a n k c u v e t  i s  e q u i v a l e n t  t o  a c o m p l e t e l y  n o n -  
f l u o r e s c e n t  s a m p le .  The  r a n g e  s e l e c t o r  may be  
moved a t  w i l l  w i t h o u t  h a v i n g  t o  r e a d j u s t  t h e  b l a n k  
k n o b .  ( I n  t h e  c a s e  o f  u s in g  b l a n k  s o l u t i o n ,  t h e  
b l a n k  k n o b  m u s t  be  r e a d j u s t e d  i f  t h e  r a n g e  s e l e c t o r  
i s  moved t o  a n o t h e r  p o s i t i o n .  T h e r e f o r e ,  u s in g  t h e  
b l a c k  r o d  t o  a d j u s t  t h e  b l a n k  p o s i t i o n  i s  b e t t e r  
t h a n  u s i n g  a s o l u t i o n  t o  b l a n k  t h e  f l u o r o m e t e r ) .
5 .  T u r n  t h e  b l a n k  k n o b  u n t i l  t h e  f l u o r e s c e n c e  d i a l  r e a d s  
z e r o .
6 . F i l l  t h e  c u v e t  a b o u t  3 / 4  f u l l  w i t h  t h e  s o l u t i o n .
(Be s u r e  t h a t  t h e  s a m p le  l e v e l  i n  t h e  c u v e t  i s  a b o v e  
t h e  s l i t s  w h ic h  a l l o w  l i g h t  t o  e n t e r  and  l e a v e  t h e  
c u v e t . )
7 .  C lo s e  t h e  d o o r  and  n o t e  t h e  r e a d i n g .
8 . T u r n  t h e  p o w e r  s w i t c h  t o  " o f f " .
I t  i s  i m p o r t a n t  t o  n o t e  t h a t  a l l  t h e  g l a s s w a r e  
m u s t be c l e a n  an d  d r y .  R i n s i n g  a l l  g l a s s w a r e  w i t h  
K O H ( in  CH3O H ) , a b s o l u t e  CH^OH and s p e c t r o - g r a d e  
a c e t o n e  i s  s u f f i c i e n t  f o r  t h i s  p u r p o s e .  IMPORTANT.
DO NOT USE AN ORDINARY DETERGENT TO WASH THE GLASSWARE.
Use a h o t  l a b o r a t o r y  d e t e r g e n t  o r  p r e p a r e  some s o ap s  
(S ee  a n y  o r g a n i c  c h e m i s t r y  l a b  m a n u a l ) .
B . S y n e r g i s t i c  U r a n iu m  E x t r a c t i o n  i n  P u r e  S y s te m .
R e a g e n t s .
K e r o s e n e  -  D e o d e r i z e d  ( J .  T .  B a k e r )
T r i - n - b u t y l  P h o s p h a t e  (TBP) -  P u r e  (E a s tm a n )
T r i - n - b u t y l  P h o s p h in e  O x id e  (TBPO) -  P u r e  (E a s tm a n )
D i - 2  E t h y l h e x y l  P h o s p h o r ic  A c id  (D2EHPA) -  P u r e  enough  
(97%) (U n io n  C a r b i d e )
U 02 (N 03 ) 2 *6 H 2 0 an d  H2S 04 (s e e  V -A )
S o l u t i o n s .
2 .0%  TBPO (b y  w e i g h t  i n  k e r o s e n e )
1 0 .0 %  TBP (b y  w e i g h t  i n  k e r o s e n e )
1 0 .0 %  D2EHPA (b y  w e i g h t  i n  k e r o s e n s )
2 .0%  TBPO + 1 0 .0 %  TBP (b y  w e i g h t  i n  k e r o s e n e )
2 .0 %  TBPO + 1 0 .0 %  D2EHPA (b y  w e i g h t  i n  k e r o s e n e )
1 0 .0 %  TBP + 1 0 .0 %  D2EHPA (b y  w e i g h t  i n  k e r o s e n e )
2,0% TBPO + 1 0 .0 %  TBP + 1 0 .0 %  D2EHPA (b y  w e i g h t  i n  k e r o s e n e )
T-1995 -61-
F e e d  s o l u t i o n s :
a )  1 08  ppm UO*2 a t  pH = 1 . 0  (H2SC>4 )
b ) 1 08  ppm UO+ 2 a t  pH = 3 . 0  (H2SC>4 )
S t a n d a r d  s o l u t i o n s :  (T h e y  w e r e  p r e p a r e d  f r o m  t h e  f e e d
s o l u t i o n s ) .
a )  10.8 ppm UC>2 ^
b ) 5 . 4  ppm U 022
c )  1 . 0 8  ppm U02+2
d ) 0 . 1 0 8  ppm U 022
e )  0 . 0 1 0 8  ppm UO* 2
A p p a r a t u s .
A M a g n i  W h i r l  c o n s t a n t  t e m p e r a t u r e  b a t h  and  p o l y e t h y l e n e  
b o t t l e s  w e r e  u s e d .
+ 2P r o c e d u r e .  T r a n s f e r  1 0 . 0  m l UC>2 f e e d  s o l u t i o n  ( a t  
pH = 1 . 0  o r  pH = 3 . 0 )  an d  1 0 . 0  m l o r g a n i c  r e a g e n t ( s )  
i n t o  a 30 m l p o l y e t h y l e n e  b o t t l e .  S h ake  t h e  b o t t l e  a b o u t  
1 m in u t e  a n d  s e t  t h e  b o t t l e  t o  t h e  a d j u s t e d  c o n s t a n t  
t e m p e r a t u r e  b a t h  ( a t  T = 1 5 °C  o r  T =  3 0 ° C ) . A d j u s t
t h e  s h a k i n g  p o s i t i o n  on " 1 3 "  f o r  20 m i n u t e s .  T hen  
l e a v e  t h e  s a m p le  20 m in u t e s  a t  t h e  same t e m p e r a t u r e .  
( T o t a l  c o n t a c t  t i m e  i s  4 0 m i n . ) .  T a k e  t h e  s a m p le  b o t t l e  
o u t  an d  make a h o l e  i n  t h e  b o t t o m  w i t h  a n e e d l e  t o  
t r a n s f e r  4 - 5  m l a q u e o u s  p h a s e  t o  a n o t h e r  b o t t l e .  P i p e t  
1 m l s o l u t i o n  f r o m  t h e  a q u e o u s  p h a s e  an d  add  9 m l  
d i s t i l l e d  w a t e r .  A d j u s t  t h e  pH t o  3 . 5  and  t h e n  f o l l o w  
t h e  a n a l y s i s  p r o c e d u r e . (T h e  r e a s o n  f o r  d i l u t i n g  10 t im e s
T-1995
-62-
i s  t o  s e t  t h e  UC^ c o n c e n t r a t i o n  t o  l e s s  t h a n  10.8 
p p m ) . T h e  t e c h n i q u e  i s  s e n s i t i v e  t o  1 p p b .
V - C . The  E x t e n s i o n  o f  t h e  P u r e  S y n e r g i s t i c  S y s te m  i n t o  a
N a t u r a l  S y s te m .
A f t e r  f i n d i n g  t h e  m o s t  l i k e l y  l a r g e s t  v a l u e  f o r
t h e  e x t r a c t i o n  c o e f f i c i e n t s  f o r  u r a n iu m ,  a p r o c e d u r e
+ 2was c a r r i e d  o u t  t o  c h e c k  t h e  s e l e c t i v i t y  o f  UO2 i n  
t h e  s y n e r g i s t i c  c o m b i n a t io n s  a g a i n s t  F e ( I I I ) ,  M o ( V I ) ,  
V ( V )  an d  A l ( I I I ) .
R e a g e n t s .
(N H „ ) Mo 0  * 4 H - 0  -  AR ( M a l l i n c k r o d t )
4 6 7 24 2
NH4VO2 -  P u r e  (M e r c k )
F e (N O Q) * 9H O -  AR ( M a l l i n c k r o d t )3 3 2
A l (N O ^ ) ^  * 9 ^ 2 ^  ~ ( M a l l i n c k r o d t )
A p p a r a t u s  an d  P r o c e d u r e  a r e  t h e  same as t h a t  m e n t io n e d
i n  V - B .  A l l  t h e  s o l u t i o n s  a r e  a t  5 0 . 0  ppm l e v e l  i n
1 0 8 . 0  ppm U O ^  f e e d  s o l u t i o n  a t  pH = 1 . 0 .  T h e  m a t r i x
+2s o l u t i o n  f o r  t h e  s t a n d a r d s  i s  1 08  ppm UO^ s o l u t i o n  
a t  pH = 1 . 0  t o  d e c r e a s e  t h e  c h a n c e  o f  e r r o r .  A P e r k i n  
E lm e r  M o d e l  306  a t o m ic  a b s o r p t i o n  s p e c t r o m e t e r  was  
u s e d  f o r  M o, F e ,  A l , V d e t e r m i n a t i o n  i n  t h e  a q u e o u s  
p h a s e .
T-1995
-63-
V I .  EXPERIMENTAL RESULTS AND DISCUSSIONS
The e x p e r i m e n t a l  r e s u l t s  o f  t h i s  t h e s i s  a r e  d i v i d e d  
i n t o  t h r e e  s e c t i o n s  as  h as  b e e n  m e n t io n e d  i n  C h a p t e r  V .
V I - A .  The F l u o r o m e t r i c  D e t e r m i n a t i o n  o f  U r a n iu m  w i t h  
R h o d a m in e  B - B e n z o ic  A c i d - B e n z e n e .
The r e l a t i o n s h i p  b e tw e e n  f l o r e s c e n c e  i n t e n s i t y  
+ 2
and  UO2 c o n c e n t r a t i o n  i s  l i n e a r  t o  a b o u t  5 . 7  ppm; 
b e y o n d  t h a t  a s l i g h t  c u r v a t u r e  i s  o b s e r v e d .  O f  
c o u r s e ,  t h e  s lo p e  o f  t h e  l i n e  c a n  be  v a r i e d  by  c h a n g in g  
t h e  s l i t  as  i s  shown i n  F i g .  3 and  F i g .  4 ( f o r  t h e  
s t a t i s t i c a l  a n a l y s i s  s e e  A p p . I V ) .
R h o d a m in e  B i n  b e n z e n e  e x i s t s  a lm o s t  e n t i r e l y  i n
t h e  l a c t o n e  f o r m  w h ic h  i s  c o l o r l e s s ;  h o w e v e r ,  s in c e
t h e r e  i s  a lw a y s  a t a u t o m e r i s m  b e tw e e n  e n o l  and  k e t o
f o r m s ,  R h o d a m in e  B i n  b e n z e n e  g i v e s  a l i g h t  p i n k
s o l u t i o n  t h a t  h a s  a lo w  f l u o r e s c e n c e .  I t
i s  i m p o r t a n t  t o  m e n t io n  t h a t  R h o d am in e  B and  B e n z o ic
A c i d  s o l u t i o n s  ( i n  b e n z e n e )  t o g e t h e r  a l s o  g i v e  lo w
+2f l u o r e s c e n c e  . UC>2 i o n  g i v e s  a s t r o n g  r e d  f l u o r e s ­
c e n c e  w i t h  R h o d a m in e  B - B e n z o ic  A c id - B e n z e n e  w h ic h  
a l l o w s  t h e  f l u o r o m e t r i c  d e t e r m i n a t i o n  o f  U ( V I )  up t o  
ppb  l e v e l .  I t  i s  o b s e r v e d  t h a t  t h e  f l u o r e s c e n c e  i s  
a lm o s t  c o n s t a n t  when t h e  a q u e o u s  p h a s e  i s  NOT d i s c a r d e d  
(s e e  a l s o  V - A .  P r o c e d u r e ) . The  r e a s o n  m i g h t  be a p r o ­
t e c t i o n  m e c h a n is m  a g a i n s t  p e r b e n z o i c  a c i d  and  somehow
T-1995 -64-
t h e  f l u o r e s c e n c e  i s  l e s s  s t a b l e  a t  lo w  t e m p e r a t u r e s ,  
t h a t  i s ,  n e a r  5 ° C .
The v a r i a t i o n  o f  t h e  f l u o r e s c e n c e  i n t e n s i t y  w i t h  
R h o d am in e  B o r  B e n z o ic  a c i d  s o l u t i o n  i s  in d e p e n d e n t  a t  
t h e  h i g h  c o n c e n t r a t i o n  o f  t h e  r e a g e n t s  ( t h e  r e a s o n  f o r  
u s i n g  5 . 0  m l o f  t h e  s o l u t i o n s  i n  t h e  p r o c e d u r e ) .
S in c e  t h e  r e a c t i o n  o f  R hodam ine  B w i t h  B e n z o ic  a c i d  
i n  b e n z e n e  d e p e n d s  on t h e  p H , t h e  f l u o r e s c e n c e  i n t e n s i t y  
v a r i e s  w i t h  H+ c o n c e n t r a t i o n .  The  f l u o r e s c e n c e  i n t e n s i t y -  
pH r e l a t i o n  i s  shown i n  F i g .  5 .  The  p H - f l u o r e s c e n c e  
r e l a t i o n  i s  a lm o s t  c o n s t a n t  b e tw e e n  3 . 0  an d  4 . 0  pH s c a l e s .  
T h e r e f o r e ,  t o  m i n i m i z e  t h e  v a r i a b i l i t y ,  a l l  a q u e o u s  
p h a s e s ,  a f t e r  r e a c t i o n  w i t h  t h e i r  o r g a n i c  a g e n t s ,  a r e  
a d j u s t e d  t o  p H = 3 .5  by  u s i n g  0 . 1  N NaOH. T h e r e  i s  a 
c o m p le t e  d i s a g r e e m e n t  i n  t h e  p H - f l u o r e s c e n c e  r e l a t i o n  
w i t h  A n d e r s e n  an d  H e r c u l e s ,  b e c a u s e  o f  t h e  d i f f e r e n c e s  
i n  f i l t e r s  and  t h e  a q u e o u s  p h a s e s .  A l t h o u g h  t h e y  men­
t i o n e d  t h a t  t h e  f l u o r e s c e n c e  i s  pH s e n s i t i v e ,  t h e y  
d i d n o t  u s e  a b u f f e r  s o l u t i o n  t o  k e e p  t h e  pH o f  5 . 0 .
H o w e v e r ,  i n  t h i s  w o r k  p H - f l u o r e s c e n c e  r e l a t i o n  h a s  b e e n  
fo u n d  t o  be  c o n s t a n t  a t  p H = 3 . 5 .  A l s o ,  i t  s h o u ld  be  
m e n t io n e d  t h a t  i n  t h i s  w o r k  a d i r e c t  r e a d i n g  o f  2 . 3  ppm 
U ( V I )  h a s  b e e n  o b s e r v e d  t o  be  o u t  o f  s c a l e  e v e n  w i t h  
a 3X s l i t ;  ; h o w e v e r ,  t h e  r e s u l t s  w e r e  g i v e n  f o r  10X  s l i t  
by  A n d e r s e n  and  H e r c u l e s .  The m a jo r  s i m i l a r i t i e s  and  
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Figure 3. Variation of fluorescence intensity with
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V I - B .  S y n e r g i s t i c  U r a n iu m  E x t r a c t i o n  i n  a P u r e  S y s te m .
I n  o r d e r  t o  d e v e lo p  a s t a t i s t i c a l  m o d e l f o r  t h e  s t u d y  
o f  t h e  f a c t o r s  u n d e r  i n v e s t i g a t i o n  i n  t h i s  t h e s i s ,  a 
f a c t o r i a l  d e s i g n  was c h o s e n  b e c a u s e  i t  f i t s  v e r y  w e l l  t h e  
p u r p o s e  o f  t h i s  s t u d y .  M a in  e f f e c t s  as  w e l l  as  i n t e r ­
a c t i o n  e f f e c t s  c o u l d  be i n v e s t i g a t e d  and  e x p l a i n e d  by  
means o f  t h i s  d e s i g n .
A c o m p le t e  d u p l i c a t e d - r a n d o m i z e d  b l o c k  d e s i g n ,  w i t h  
f i v e  f a c t o r s  (e a c h  a t  tw o  l e v e l s ) ,  was c a r r i e d  o u t  f o r  t h e s e  
p u r p o s e s .  T a b l e  7 g i v e s  t h e  u s e d  l e v e l s  f o r  e a c h  f a c t o r .
TABLE 7 L e v e l s  o f  t h e  P r o c e s s  P a r a m e t e r s  
L e v e l s
F a c t o r - S y m b o l L o w e r H i g h e r U n i t s
p H - a 3 . 0 1.0 - l o g  [H+] = -:
T e m p e r a t u r e - b 1 5 . 0 3 0 . 0 °C
TB P O -c 0 2.0 p e r c e n t  !
T B P -d 0 10.0 p e r c e n t  1
D 2EH PA -e 0 10.0 p e r c e n t  ;
I t  s h o u ld  be  n o t e d  a g a i n  t h a t  t h e  s ym b o l (1 )  i s  u s e d  
t o  d e n o t e  t h e  e x p e r i m e n t a l  c o n d i t i o n  i n  w h ic h  a l l  f a c t o r s  
a r e  t a k e n  a t  t h e  l o w e r  l e v e l s  ( a = p H = 3 .0 ,  b = T = 1 5 . 0 ,  c=TB P O =0 ,  
d = T B P = 0 , e = D 2 E H P A = 0 ) . The  s y m b o l ac  r e p r e s e n t s  t h e  e x ­
p e r i m e n t a l  c o n d i t i o n  w h e re  a = p H = 1 .0  an d  c = T B P O = 2 .0  a r e  t a k e n  
a t  t h e  h i g h e r  l e v e l s ,  and  t h e  o t h e r  f a c t o r s  ( b = T = 1 5 . 0 ,  
d = T B P = 0 , e=D 2EH PA =0) a r e  a t  t h e  l o w e r  l e v e l s .
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As a rule, it is assumed that each observation can
be described as follows:
with
x y 2and e.• 1IND(0,a )1 j e
i=l j = l
Here a. is the effect of the i th treatment and £• is the i 3
effect of the j th block. Note that the treatments correspond
j=l, denotes the first treatment and the first block.
From the model just given, four assumptions can be seen:
1. The response to the i th treatment in the j th block E^j
is from a normal distribution. (There are x.y distributions).
2. The means of these x.y distributions can be expressed in 
the form y + ou + $j- . This property is often called 
"additivity", or alternatively, "no interaction".
3. The variances of the x.y populations are all equal. This 
property is known as "homoscedasticity".
4. The (deviations from the means) are statistically
independent. If it is known that is large, there
is no reason to expect to be small (or large, for
that matter).
It should be mentioned that for any statistical decision, 
the homoscedasticity test must be carried out in order to use 
the Student-t test or the other tests for which the "equal
to rows and the blocks to columns. Thus , with i=l and
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variances" assumption is used..^^3)
Test for Homoscedasticity; Although the "analysis of 
variance" procedure is robust and can tolerate departures 
from homoscedasticity, it is, nevertheless, true that when 
a departure is suspected, it should be checked out. Bartlett's 
and Cochran's test (̂ 54) procedures are both sensitive for 
this purpose.
The Cochran's Test; This test was designed especially
for determining whether one variance is very much larger than
the others, and it requires that the sample sizes be equal.
The test statistics is given by:
Largest Sj 
C (n,k) “ k ~
I  sjj=l 3
where n is the sample size and k is the number of samples.
If the result is C^n ^  < ctabled ' test ^or homoscedasticity
is positive; therefore, the student-t test can be used to
test the two sample means. Otherwise, a non-parametrical
n  4 7 i  ^ r )technique must be applied (the Kruskal-Wallis H testv ' '
(149)the Wilcoxon-Mann-Whitney test , or the Mann-Whitney U
. , (147,155)N . , ,test ) for the same purpose.
Under statistical decisions, the experimental data 
have been analyzed for the factorial design as follows:
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TABLE 8 . Temperature and pH Effects on the UO2  
Extraction Coefficient with 2.0% TBPO 
in Kerosene.
(The Homoscedasticity test is positive 
at a = 0.05)
Fluorescence(3X) E (3X) Eav. Extrac.% S2e
c 1 1 *: 14.0 195 195 99.5 0
34*: 14. 0 195 99.5
ac 1 *: 13.0 2 1 0 185 99.5 1235
16*: 17.0 160 99.4
be 7*: 9.0 300 300 99.7 027*: 9.0 300 99.7
abc 46*: 9.4 290 310 99.7 60555*: 8.4 330 99.7
* The randomized order in which these experiments were carried out.
pH Effect 1) At 15.00 C: Since the student-t test for the sample
mean values of "c" and "ac" are not significantly 
different from each other (at a = 0.05), pH does not 
affect the extraction coefficient.
2) At 30.0°C: The student-t test for "be" and "abc"
sample mean values is not significantly different at 
a = 0.05; therefore, pH does not affect the extraction 
coefficient.
Result: Under "Statistical" precision, pH does not have any signi-
+2ficant effect on the UC^ extraction with 2.0% TBPO at 
pH-1.0-3.0.
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2 2Temperature Effect: 1) At pH = 3.0: Since (Sc + sj3C) = 0, there
is no need to use any statistics; therefore, 
it can easily be concluded that temperature 
has a positive effect on the extraction co­
efficient.
2) At pH = 1.0: The student-t test gives a
significant difference between the sample 
mean values of "ac" and "abc"; therefore, 
temperature has a positive effect on the 
extraction coefficient.
Result: Increasing the temperature causes an increase on the extrac-
+2tion coefficient for UC> 2 with 2.0% TBPO.
Since 2.0% of the TBPO in kerosene has a very low loading
capacity, and increasing the amount of TBPO in kerosene causes 
some troubles during the processing, using only TBPO does not 
seem to be practical from the view of engineering. It
should be noted that Blake et a l . g i v e  a very low ex­
traction coefficient (E = 0.0025) at pH =. 1.0 and T =. 25.0°C 
+2 -2for UO2  in SO^ media. On the other hand, this work indicates
a much greater extraction coefficient (E = 310 at pH = 1-.0
-2and T - 30 °C. The reason may be caused by NOJ + SO^ ion- 
combination due to a change in the extraction mechanism.
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TABLE 9. Temperature and pH Effects on the UO2  
Extraction Coefficient with 10.0%
TBP in Kerosene.
(The Homoscedasticity test is positive at 
a = 0.05)
Fluorescence(IX) E(IX) Eav Extrac.% s 2e
d* 2 1 : 27.5 0 . 2 0.25 18.0 0.005
37: 25.0 0.3 25.4
23: 30.0 1 . 2 54.1
ad 23: 29.5 1.3 1.25 56.1 0.005
bd* 6 : 18.0 0.9 0.9 46.4 0
17: 18. 0 0.9 46.4
abd 56: 24 .5 1.7 1.85 63.0 0.045
61: 25.5 2 . 0 6 6 . 7
* Diluted while reading 1 :1 , otherwise is out of scale.
H Effect 1) At T = 15.0°C: Since the student-t test for "d" and
"ad" sample mean values is significantly different
at a = 0.05, pH has a positive effect on the ex-
traction coefficient.
2) At T = 30.0°C: The student-t test for the sample mean
values of "bd" and "abd" is significantly different 
at a = 0.05; therefore, pH has a positive effect
on the extraction coefficient.
+2 . . tesult; pH has a positive effect on the UC> 2 extraction coefficient at
15.0 or 30.0°C.
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Temperature Effect: 1) At pH = 3.0: The two sample mean
values of "d" and "bd" are different 
according to the student-t test.
2) At pH = 1.0: Since the student-t test
for the sample mean values of "ad" and 
"abd" is significant, temperature has 
a positive effect on the extraction 
coefficient.
Result: Increasing the temperature causes an increase in the
extraction coefficient with TBP.
Since increasing pH and temperature cause an enhancement
+2 -  -2m  the extraction coefficient of UC^ in the NO^ + SO^ aqueous
feed, it is desirable to operate the system under these con­
ditions. However, as mentioned earlier, temperature has a
+ 2negative effect on the extraction coefficient of UC^ only
in the aqueous feed containing NO^ . The differences may be
_ ocaused by the addition of SO^ . It should be noted that the 
E values on Table 9 can only be read by lx slit, in which 
the sensitivity of the fluorometer is the lowest.
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TABLE 10. Temperature and pH Effects on the UC^ 
Extraction Coefficient with (10.0% 
TBP+2.0% TBPO) Synergistic Combination.
(The Homoscedasticity test is positive).










acd 1 2 : 16.5 170 190 99.4 1003
51: 13.0 2 1 0 99.4
14: 15.2 180 99. 4 87bed 17547: 16.4 170 99.4
49: 21.5 130 99.2
abed 125 4.252: 2 2 . 0 1 2 0 99.2
pH Effect 1) At 15.0°C: The two sample mean values of "cd" and
"acd" do not differ from each other according to 
the student-t test (at a = 0.05); therefore, pH 
does not affect the extraction coefficient.
2) At 30.0°C: Since the student-t test for the sample
mean values of "bed" and "abed" is significantly
different, pH has a negative effect on the ex­
traction coefficient.
Result: Although the pH does not affect the extraction coefficient
at 15.0°C, pH has a negative effect on the response at 
30.0°C. Actually, the reason for a decrease in the 
extraction coefficient may be caused by the unstable 
synergistic adduct at 30.0°C.
t - 1 1 -
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Temperature Effect: 1) At pH = 3.0: The student-t test gives
a significant difference between the
sample means of "cd" and bed"; therefore, 
temperature has a negative effect on the 
extraction coefficient.
2) At pH - 1.0: The values, 190 and 125
are significantly different from each 
other according to the student-t test; 
hence, it can easily be said that tempera­
ture has a negative effect on the extraction 
coefficient.
Result: As mentioned earlier in Chap. Ill, if the formed synergistic
adduct is not stable at higher temperatures, the tempera­
ture will cause a negative effect on the extraction 
coefficient for a synergistic combination.
It can be concluded that pH does not play any important 
role in the case of two-neutral synergistic combination (TBP
+ TBPO) in the LLEX operation. To increase the plant efficiency
it is advisable to transfer a small amount of TBPO to the 
plants which use only TBP for uranium extraction.
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+ 2TABLE 11. Temperature and pH Effects on the UC> 2  
Extraction Coefficient with 10.0%
D2EHPA in Kerosene.
(The Homoscedasticity test is positive).
Fluorescence(3X) E (3X) Eav Extrac.%
e 36: 23.5 1 2 0 1 2 0 99.1 13.546: 22.5 1 2 0 99.2
ae 18: 7.0 390 380 99.7 343










abe 25: 7.5 370 460 99.7 16762
2  6 : 5.0 550 99.8
pH Effect 1) At 15.0°C: Since the student-t test for the samp^
mean values of "e" and "ae" is significantly
different from each other at a = 0.05 , pH has a
positive effect on the extraction coefficient.
2) At 30.0°C: The student-t test for the sample means
of "be" and "abe" is not significantly different 
from each other at a = 0.05; therefore, pH does not 
affect the extraction coefficient.
Result; The effect of pH on the D2EHPA system depends on the tempera­




Temperature Effect: 1) At pH = 3.0: Temperature has a positive
effect on the extraction coefficient 
according to the student-t test.
2) At pH = 1.0: Since the student-t test
does not give a significant difference
between "ae" and "abe" sample mean values, 
the temperature does not play any role 
on the extraction coefficient.
Result: Designing the LLEX process for D2EHPA at 30°C and pH = 3.0
seems a better choice than operating at pH =  1.0 and 15°C.
Addition of a stoichiometric amount of NO^ ion into the
D 2 EHPA-H2 SO4  process gives 3.4 times greater response in the
+ 2extraction coefficient of UC^ at 30°C. (According to Blake
et al. E is 135 at 0.5M SO“ 2  and 25°C).
+ 2TABLE 12. Temperature and pH Effects on the U02  Extraction 
Coefficient with (2.0% TBPO + 10.0% D2EHPA) 
Synergistic Combination.
(The Homoscedasticity test is negative).
Fluorescence(3X) E (3X) Eav Extrac.% *1
ce 19: 14.0 195 180 99.5 768
33: 17.5 160 99.3
ace 2 : 1 . 0 2700 2700 1 0 0 0
41: 1 . 0 2700 1 0 0
bee 31: 16.5 165 180 99.4 441
38: 14.0 195 99.5
abce 24: 1.5 1800 16000 1 0 0 . 0 104790
28: 2 . 0 1400 99.9
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pH Effect 1) At 15°C: If we rank "ce" and "ace" measure­
ments, the Kruskal-Wallis H test gives a signi­
ficant difference between the two sample means. 
Thus, the pH has a positive effect on the ex­
traction coefficient.
2) At 30°C: Since the Kruskal-Wallis H test is
significant, it is concluded that pH has a 
positive effect on the extraction coefficient.
Result: Increasing the pH (e.g. 3.0 1.0) gives an increase in
+ 2the response for UC> 2 extraction.
Temperature Effect: 1) At pH = 3.0: Since the Wilcoxon-Mann-
Whitney test does not give a significant 
difference between the two sample mean 
values, temperature does not have any 
effect on the extraction coefficient.
2) At pH = 1.0: The Kruskal-Wallis test
gives a significant difference in the two 
mean values; therefore, temperature has 
a negative effect on the extraction 
coefficient.
Result: Although temperature does not play an important role at
pH = 3.0, (for higher pH values, e.g. pH =1.0) increasing
the temperature causes a decrease on the extraction co-
+ 2efficient of UC> 2 with the synergistic combination.
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As mentioned earlier, H+ ion is necessary in the case 
of an acidic extractant; therefore, pH has an important role 
in the neutral-acidic synergistic combination. The reason 
for getting a lower response with increasing temperature 
may be explained by the chemical stability of the synergistic 
adduct (lower stability). As can easily be seen from
Table 11, temperature has a positive effect on the extraction
coefficient; however, because of the change in the extraction
mechanism temperature has a negative effect on the synergistic
extraction (Table 12). Also, it should be noted that D2EHPA 
alone gives a better response at lower pH (e.g. 3.0) and 
higher temperature (e.g. 30°C) than D2EHPA-TBPO synergistic 
combination; but, at higher pH values (e.g. 1.0), the syner­
gistic combination has an 8.3 times greater extraction co-
+ 2efficient for the U02  extraction than D2EHPA alone (see also
VI-C).
+ 2TABLE 13. Temperature and pH Effects on the UC>2  
Extraction Coefficient with (10.0%
TBP + 10.0% D2EHPA) Synergistic Combination.
(The Homoscedasticity test is positive).









ade 43: 5.0 550 550 99.8 044: 5.0 550 99.8
bde 39: 1 0 . 0 270 260 99.6 312
54: 1 1 . 0 250 99.6
abde 3: 5.0 550 560 99.8 142
5: 4.0 570 99.8
T-1995
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pH Effect 1) At 15.0°C: Since there is no significant
difference between the two sample mean values 
of "de" and "ade", pH does not have any signifi­
cant effect on the extraction coefficient.
2) At 30.0°C: The student-t test gives a significant
difference (at a = 0.05) between the two sample 
mean values of "bde" and "abde"; therefore, pH 
has a positive effect on the extraction coefficient.
Result: pH has a significant effect at only high temperatures for
D2EHPA-TBP synergistic combination.
Temperature Effect: 1) At pH = 3.0: The values, 500 and
260 are significantly different (according 
to the student-t test) from each other;
therefore, temperature has a negative effect
on the extraction coefficent.
2) At pH r 1.0: Since the student-t test
does not give a significant difference
for "ade" and "abde"/ temperature does
not have any significant effect on the 
extraction coefficient.
Result: Although the temperature does not have any significant
effect on the extraction coefficient at high pH values
(e.g. 1.0), at lower pH values (e.g. 3.0) it has a
+ 2negative effect on the extraction coefficient of U02
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As mentioned earlier, pH plays an important role on 
the extraction of uranium with an "acidic-neutral" syner­
gistic combination (see also Table 15).
+ 2TABLE 14. Temperature and pH Effects on the UC> 2  
Extraction Coefficient with (2.0%
TBPO + 10.0% TBP + 10.0% D2EHPA)
Synergistic Combination.
(The Homoscedasticity test is positive).
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pH Effect 1) At 15.0°C: Since the student-t test gives a signi­
ficant difference between the sample mean values of 
"cde" and "acde", pH has a positive effect on the 
extraction coefficient.
2) At 30.0°C: The student-t test gives a significant
difference between the sample mean values of "bcde"
and "abcde"; therefore, pH has a positive effect on
the extraction coefficient.
Result: Either 30 or 15°C, pH has a positive effect on the extraction
+ 2coefficient of U02  with TBPO-TBP-D2EHPA synergistic combination.
T-1995
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Temperature Effect: 1) At pH = 3.0: Since the student-t test
does not give a significant difference
between the sample mean values of "cde" 
and "bcde", temperature does not play 
any role on the extraction coefficient.
2) At pH = 1.0: The student-t test gives
a significant difference between the
mean values of "acde" and "abcde"; 
therefore, temperature has a negative 
effect on the extraction coefficient.
Result: Although temperature does not have any significant effect
on the extraction coefficient at pH = 3.0, increasing
the temperature AT = 15°C causes a 73.8% decrease in
+ 2the extraction coefficient of U02  with the TBPO-TBP-
D2EHPA synergistic system at pH = 1.0.
It is interesting to note that the neutral-acidic-neutral 
synergistic system has been investigated by carrying out these
tests for the combination of (TBPO + D2EHPA + TBP) in (NOj +
-2 +2 SO^ ) aqueous phase at pH = 1.0 for the U02  ion. Since the
new synergistic system contains 2.0% TBPO + 10.0% D2EHPA +
10.0% TBP in kerosene, the phase separation is almost perfect
because of the large difference in the densities of the aqueous
and organic phases (the completed phase separation is in
20 seconds). Also, the third phase formation does not exist
under operation conditions, (see also VI-C).
Under "statistical precision", the overall experimental re-
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VI-B-1.THE MODEL.
The approach to multiple regression analysis is quite tedious,
but it can be simplified considerably by using a further short-cut,
calculating the effect totals is illustrated in Table 16.The
experimental conditions and the corresponding totals are listed
in "standard order" as mentioned earlier.In the column marked
[5],the upper half is obtained by adding successive pairs of
treatment totals,and the lower half is obtained by substracting
successive pairs(the lower number minus the upper number each
time).[6 ],[7],[8 ],and [9] columns are treated under the same
way as mentioned above.It has been found convenient to combine
the analysis variance table to the Yates' analysis;therefore,
the second page of Table 16 is nothing more than the variance
analysis.Since there is always a confusion in the calculation 
2of Se ,it is given as follows:
5called the Yates' method for 2 factorial design.This method of
•=41394379.16
£?.---^  =28944243. 33
J 2*2
■*.- 28088647. 92 =255595.0
(1)=E =28227.8
„2 _ 255595.0 
e “ 32 7987.34
where 32 is the degrees of freedom.
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TABLE 16. Calculation of Main and Interaction Effects for 2^ 






















0 0 0  . 0 0 1986.9 3427.1 28227.8
0 0 0 0 1986.9 1440.2 24800.2 16021.4
0 0 0 761.3 8.5 11977.2 -185.5 -3901.2
0 0 0 1225.6 1431.7 12823.5 16206.9 -4359.2
195. 2 195.2 390. 4 3.0 2571.5 -10.7 228. 9 15592.6
210. 3 160. 6 370. 9 5.5 9405.7 -174.8 -4130.1 13111.0
304.2 304.2 608.4 834.8 3737.6 8750.6 15.9 -4143.2
t 291.2 326. 0 617.2 596. 9 9085.9 7456.3 -4375.1 -4817.2
0.3 0 . 2 0.5 993. 6 0 464.3 3410.1 229. 3
1.3 1 . 2 2.5 1577.9 -10. 7 -235.4 12182.5 -1458.4
0.9 0.9 1 . 8 5842.6 3. 9 -1695.2 -193.3 -1459.4
H 2 . 0 1.7 3.7 3563.1 -178.7 -2434.9 13304.3 722.2
210. 3 248.7 459.0 2 1 0 1 .7 768. 7 28.3 223.9 -2049.6
& 165.5 210.3 •375.8 1635.9 7981.9 -12.4 -4367.1 -1294.0
a 166.5 179. 7 346.2 5527.5 5527.5 682.6 -2569.0 655.8
bd 126.8 123.9 250.7 3558.4 6773.7 -1806.1 -4833.3 -817.8
115.9 1 2 1 . 1 237.0 0 0 1986.9 -546.7 21373.6
391.4 365.2 756.6 0 464.3 1423.2 846.0 16392.4
342.3 322.1 664.4 -19.5 2.5 6834.2 -164.1 -4359.0
b 365.2 548.3 913. 5 8 . 8 -237.9 5348.3 -1294.3 -4391.0
195.2 156. 0 351.2 2 . 0 584. 3 -10.7 -699.7 8772.4
b 2745.7 2745.7 5491.4 1.9 -2279.5 -182.6 -739.7 13497.6
b 165.5 195.2 360.7 -83. 2 -465.8 7213.2 -4 0.7 -4591.0
pe 1830.1 1372.3 3202.4 -95.5 -1969.1 6091.1 762.9 -4849.4
548.3 456. 8 1005.1 519.6 0 464.3 -563.7 1392.7
548.3 548.3 1096.6 249.1 28.3 -240.4 -1485.9 -1130.2
b 273.7 248.7 522.4 5140.2 -0 . 1 -2863.8 -171.9 -40.0
le 548.3 565.2 1113.5 2841.7 -12.3 -1503.3 -1 1 2 2 . 1 802.6
b 189.7 304.2 493.9 91.5 -270.5 28.3 -704.7 -922.2
&e 2287.9 2745.7 5033.6 591.1 -2298.5 -1 2 . 2 1360.5 -950.2
lie 351.1 311.1 662.2 4539.7 499.6 -2028.0 -40.5 2065.2
tde 1524.9 1371.3 2896.2 2234.0 -2305.7 -2805.3 -777.3 -736.8
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TABLE 16. (continued)
[10] [11] [12] [13] [14] [15]
p FSource 9 c Degree rCalculated Table
variation [9] /2»2D of Freedom fll]/[12] • Se (1,32,0.05) Result
a 4010707.16 1 502.13 4.15 S
b 237802.52 1 29.77 4.15 S
ab 296916.01 1 37.17 4.15 S
c 3798893.36 1 475.61 4.15 S
ac 2685911.27 1 336.27 4.15 S
be 268220.41 1 33. 58 4.15 S
abc 362584.62 1 45.39 4.15 S
d 1399.70 1 0.18 4.15 NS
ad 33233.29 1 4.16 4.15 S
bd 32373.01 1 4.15 4.15 S
abd 8149.58 1 1 . 0 2 4.15 NS
cd 65638.44 1 8 . 2 2 4.15 S
acd 26163.06 1 3.28 4.15 NS
bed 6719.90 1 0.84 4.15 NS
abed 10449.95 1 1.31 4.15 NS
e 7137980.89 1 893.66 4.15 S
ae 4198605.90 1 525.66 4.15 S
be 296888.77 1 37.17 4.15 S
abe 301263.77 1 37.72 4.15 S
ce 1202421.90 1 150.54 4.15 S
ace 2846643.84 1 356.39 4.15 S
bee 329332.52 1 41.23 4.15 S
abce 367448.13 1 46. 00 4.15 S
de 30306.46 1 3.79 4.15 NS
ade 19958.63 1 2.50 4.15 NS
bde 25.00 1 3.13E-03 4.15 NS
abde 10090.20 1 1.26 4.15 NS
cde 13288.33 1 1 . 6 6 4.15 NS
acde 14107.50 1 1.77 4.15 NS
bcde 66641.42 1 8.34 4.15 S
bcde 8482.41 1 1.06 4.15 NS
sum = 28688647.92 31
: Significant, NS: Not Significant
e
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Thus,the explicit equation for the model is:
E= 441.06 + 250.33x,- 60.96xo- 68.11x,x~+ 243.63x0+ 204.86x,xo-3. 1  2. 1 2  3 1 3
-64.74x2X2“ 75.27x^X2x3- 2 2 . 7 9 x ^ x ^ -  2 2 . 4 9 x 2 X ^ -  3 2 . 0 3 x 2X^+
+ 333.96x^+ 256.13x^X2“ 6 8 .IIX2 X2 - 68.61x^X2X2+ 137.07x2X2+
+210. 90x, x^xc- 71. 73x0 x_xc-75. 77xn x 0 x 0 xc;+ 32 . 27x0x^x .xc 1 3 5  2 3 5  1 2 3 5  2 3 4 5
where
x (PH) - 2-°1 1.0
v  (T) ~  2 2 ' 52 7.5
.. (TBPO %) - 1.03 L rro
.. (TBP %) - 5.0
4 5.0
 (D2EHPA % )- 5.0
 5 ------- 570-------
The comparison between the actual and the predicted values 
is given in Table 17.It should be noted that the experiments 
with the TBP give higher variations than the others.The reason 
may be caused by reading the fluorescence with in IX slit 
which is the least sensitive.On the other hand the other readings 
are made by 3X slit and the predicted values could be influenced 
by these effects.
It is worth noting that the Yates' technique is a least 
square approach of the problem.The proposed model is valid 
within the studied region and no attempt must be made to 
extrapolate the results beyond this region.
The confidence interval for the particular ”E " value is 
given by:
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(1 ) 0 0 -45 * 0
a 0 0 1 . 2 0
b 0 0 -64 * 0
ab 0 0 -18 * 0
c 195 195 170 195
ac 2 1 0 160 185 185
be 300 300 300 300
abc 290 330 330 310









E 1 * 3  
3X 0.9
abd 2 .0 . 1.7. 2 0 1.9.
cd 2 1 0 250 260 230
acd 170 2 1 0 190 190
bed 170 180 170 175
abed 130 1 2 0 1 1 0 125
e 1 2 0 1 2 0 2 0 0 1 2 0
ae 390 370 400 380
be 340 320 300 330
abe 370 550 550 460
ce 195 160 230 180
ace 2700 2700 2700 2700
bee 165 195 260 180
abce 1800 1400 1600 1600
de 550 460 420 505
ade 550 550 530 550
bde 270 250 300 260
abde 550 570 460 560
cde 190 300 190 245
acde 2300 2700 2600 2500
bede 350 310 260 330
abede 1500 1400 1480 1450
'IX




Ea=E« + t l v =32;a =0.05] “\/— -c---a p - V 2 ').m
where Ep=predicted extraction coefficent.
t[v =32;a =0.05] = the student-t test.
m= number of replicates.
However,the Homoscedasticity test gives a significant difference
between the variances by Cochran's method;therefore,the student-t
•test can not be applied to this problem(deviation from the
normality).
VI-C.The Extension of the Pure Synergistic System into a Natural System.
+2The selectivity coefficients of UC> 2 with most likely the 
best two synergistic combinations against V(V),Fe(III),Al(III), 
and Mo(VI) are given in Table 18.
+2TABLE 18.-Extraction of metals' other than UO2  by the two
synergistic combinations at 15°C and pH=l.0(H2 SO4 ) 
in NO^” + S0^2 aqueous feed.Total contact time is 
40 minutes and A/O ratio is 1.




2 Selec.Coef.e Eav si Selec.Coef.
Fe(III) 1.7 0 1500 0 . 6 0 4100
Al(III) 0 0 o O 0 0 ~  OO
V(V) 0 . 1 0.001 2500 0 0 / - - /  0 0
Mo (VI) 82 0 31 82 0 31
As can be seen from Table 18,the neutral-acidic-neutral 
synergistic combination is a better choice for the extraction 
of uranium according to the selectivity coefficients.lt is 
worth noting that a separation(selectivity) coefficient does
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not necessarily indicate a practical system unless one of the 
individual extraction coefficients is reasonable high,e.g,for 
E^=1.0 and E 2 = 0 .0002,Sc=E2 /E2 = 5000,but practically does not 
mean anything.
Since ETT̂  and E.„ , T T T v are much larger than the otherU0 2 + 2  Mo (VI) 73
metal extraction coefficients,(TBPO+D2EHPA) and (TBPO+D2EHPA+TBP) 
both can be used for U(VI) and Mo(VI) applications.Then U(VI) 
and Mo(VI) may be separated during selective stripping from each 
other or the adsorption of Mo(VI) from pregnant strip solution 
with activated carbon is used to lower the Mo content before 
the yellow cake precipitation.Also,Epe(jjj) is very low for 
the neutral-acidic-neutral synergistic combination which permits 
a better adsorption for Mo with active carbon.
It is important to note that TBP ( also a modifier) is 
necessary to prevent the formation of a third phase during 
carbonate stripping.Since the two neutral-one acidic synergistic 
combination contains 10% TBP,the (TBPO+D2EHPA+TBP) is a better 
choice than the (TBPO+D2EHPA).
Under "statistical precisions" and "practical considerations", 
it can be concluded that the (TBPO+D2EHPA+TBP) in kerosene 
gives a better response than the (TBPO+D2EHPA) under mentioned 
conditions.
Since the (TBPO+D2EHPA+TBP) has a very large extraction coef­
ficient for U(VI) and the selectivity coefficients are very high,
this fact may be employed in conjunction with fluorometric




On the basis of the results obtained it can be concluded:
(All the aqueous phases contain a stoichiometric amount of
NO^ and the A/0 ratio is 1).
1. The technique for the rapid and direct fluorometric deter­
mination of uranium with Rhodamine B-Benzoic Acid-Benzene 
has been developed, improving the lower detection limit 
down to 0.79 ppb U(VI). The analysis procedure has been 
described in detail.
2. A rapid and direct determination for U(VI) from the leach 
liquor has been proposed. (The author suggests a parallel 
test with water).
3. The extraction coefficients of U(VI) are markedly enhanced 
by the addition of stoichiometric amounts of NO^ ion.
4. Although pH does not have any significant effect, increasing 
the temperature causes an increase in the extraction co­
efficients for U(VI) with 2.0% TBPO in kerosene.
5. The pH and temperature have a positive effect on the ex­
traction coefficient of U(VI) with 10.0% TBP in kerosene.
6 . A neutral-neutral, (2.0% TBPO + 10.0% TBP), synergistic 
combination has been investigated for U(VI) with an extraction 
coefficient range of 125 to 229.
7. Although pH does not have any significant effect, increasing 
the temperature causes a decrease in the extraction coefficient
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of U(VI) in the (2.0% TBPO + 10.0% TPB) synergistic 
system.
8 . The effect of the pH on the 10.0% D2EHPA system depends 
on the temperature. At lower temperatures, pH has a more 
important role on the extraction coefficient for U(VI).
9. An addition of stoichiometric amounts of NO^ ion in the
aqueous phase causes a greater response by a factor of 
3.4 in the D2EHPA-S0^ 2  system at 30°C.
10. An increase in the H+ concentration (pH = 3.0^^ 1.0) in­
creases the extraction coefficient of U(VI) by a factor
of 15.6 at 15°C in the (2.0% TBPO + 10.0% D2EHPA) syner­
gistic system.
11. An addition of 2.0% TBPO into 10.0% D2EHPA increases the 
extraction coefficient of U(VI) by a factor of 7.3 at 15°C.
12. The pH has a significant effect only at high temperatures 
for the (10.0% TBP + 10.0% D2EHPA) synergistic system.
13. In the D2EHPA LLEX plant, addition of TBP acts in two ways: 
as a modifier and as a synergist.
14. A neutral-acidic-neutral synergistic combination, (2.0%
TBPO + 10.0% D2EHPA + 10.0% TBP) has been investigated for 
U(VI) which has a very large extraction coefficient (E=2500) 
at 15°C.
15. Although temperature does not have any significant effect 
at pH = 3.0, the effect becomes more important at higher 
H+ concentration, e.g. pH 1.0.
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16. The phase separation is very fast with both (TBPO +
D2EHPA + TBP) and (TBPO + D2EHPA) synergistic systems 
(20 seconds for a complete phase separation). Since a 
third phase has not been observed during the extraction 
stage, both systems may be used in a continuous LLEX 
operation.
17. Observations show that the (TBPO + D2EHPA + TBP) system 
is a better choice than (TBPO + D2EHPA) system according 
to the selectivity coefficients and the stripping 
efficiency.
18. Since the extraction coefficient in the (TBPO + D2EHPA +
TBP) system is extremely large, the U(VI) can be concen­
trated in the organic phase by the use of a phase volume 
ratio well below unity, e.g. O/A = 0.01 Such enrichment
techniques are very useful in the enhancement of plant 
capacity as well as in trace metal production.
19. The (TBPO + D2EHPA + TBP) synergistic system may also be 
used in Mo(VI) extraction with a high efficiency.
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VIII. SUGGESTIONS FOR FUTURE WORK
The results of this investigation leave many ques­
tions unanswered. Among the more interesting topics are 
the following:
1. The determination of diverse ions* effects on the 
uranium extraction with the (TBPO + D2EHPA + TBP) syner­
gistic system.
2. A study of the diluent effect on the (TBPO +
D2EHPA + TBP) synergistic system.
3. A structural analysis for the (TBPO + D2EHPA +
+ 2TBP) - UO^ extraction mechanism.
4. A study of the poisoning effect on the (TBPO +
D2EHPA + TBP) synergistic system.
5. A further study for the effect of NO^ ion on the 
(TBPO + D2EHPA + TBP) synergistic system.
6 . The same studies for the (TBP0-D2EHPA), the (TBPO-TBP), 
and the (TBP + D2EHPA) synergistic systems.
57. A study of another full 2 factorial design m  different 
levels which allows a better prediction with 4 points.
8 . A study of loading capacity for the (TBPO + D2EHPA +
TBP) synergistic system.
9. Optimization of pH and T for the (TBPO + D2EHPA + TBP 
synergistic system.
10. A study for the engineering applications of the (TBPO + 
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Least Square Analysis for Fig. 3 and Fig. 4.
IX Slit
£CiFi 543.3696
slope b ~ 87.5150 “ 6-2°g
s 2  j>i2 - b Z CiFi
e n- 1
g2 = 3384.62 - 3373.78
6-1
S2  = 2.168 e
b ± t[l- a/ 2  , n-1 ] a = level of significance =
b ± t [0. 975, 5] ~ \ f ^ 1685150




c. F . b = 254.321l l
0.108 27.1 S2  = 1.745 e
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